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Resumo

Os detetores anelares de telureto de cadmio e zinco (CZT) representam uma das inova-
¢bes mais recentes no ambito da tecnologia SPECT. Um exemplo destes equipamentos
é o sistema StarGuide SPECT/CT, recentemente instalado no IPO Porto. Este sistema
faz uso do algoritmo de reconstrucao Q.Clear, correspondente a uma aplicagdo comer-
cial do algoritmo de verosimilhanga penalizada Block Sequential Regularised Expectation
Maximisation (BSREM). Neste ambito, o presente estudo teve como objetivos: 1) otimi-
zar os parametros de reconstrugéo do algoritmo Q.Clear para imagens de 221, " Tc e
1771y, 2) avaliar o impacto destes parametros na qualidade de imagem, ruido e exati-
dao na quantificagao e 3) comparar o desempenho quantitativo do sistema StarGuide
com o sistema convencional disponivel no IPO Porto, a cAmara gama de cabega dupla
Symbia Pro.specta, que utiliza o algoritmo de reconstrugcdo OSEM. Para tal, foi reali-
zado um estudo de otimizacao para cada radionuclideo, recorrendo a um fantoma NEMA
IEC PET Body. O fantoma foi adquirido nos sistemas StarGuide e Symbia Pro.specta
sob condi¢gdes de aquisicdo semelhantes. Os dados foram reconstruidos recorrendo
ao algoritmo Q.Clear com regularizacao relative difference prior (RDP) e ao algoritmo
OSEM, respetivamente. Todas as imagens foram avaliadas quantitativamente utilizando
como métricas os coeficientes de recuperacédo (RC), a variabilidade de fundo (BV), a
razao sinal-ruido (SNR) e os coeficientes de recuperacido de contraste (Qy), determi-
nadas através de ferramentas de analise de imagem desenvolvidas por recurso ao MIM
Software e ao Python. Para o 1231 foram realizadas vinte reconstrugdes Q.Clear, consi-
derando todas as combinagbes possiveis dos seguintes parametros de regularizagéo
e vy: B =0.01,0.05,0.1,0.5,1; 7 = 0.1,0.5,1,3. Para o " Tc e o 1”7 Lu, foram testados pa-
rametros de reconstrucao utilizados no IPO Porto e parametros reportados na literatura,
tendo sido selecionado para otimizagao adicional o protocolo com melhor desempenho
em termos de recuperacgao de atividade. Todas as reconstrugdes OSEM foram realizadas
utilizando as configuracdes clinicas aplicadas no IPO Porto e serviram como referéncia
para a avaliacdo do desempenho quantitativo do algoritmo Q.Clear. Para o 23], o me-
lhor desempenho foi obtido para valores de  entre 0.05 e 0.1 e valores de -y entre 0.5
e 1, que proporcionaram o melhor compromisso entre a exatiddo na quantificagdo e a
reducdo de ruido. De forma geral, os coeficientes de recuperagao, a variabilidade de
fundo e os coeficientes de recuperagéo de contraste diminuiram com o aumento de S,
enquanto a razao sinal-ruido aumentou, em geral, com este pardmetro. O parametro

revelou uma influéncia reduzida nas métricas avaliadas. Tanto para o *°"Tc como para o
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177Lu, foram estabelecidos protocolos de reconstrucdo que apresentaram maior recupe-
racao de atividade e recuperagao de contraste comparativamente aos obtidos utilizando
configuracbes de reconstrugdo reportadas na literatura aplicadas aos mesmos dados.
De forma geral, as reconstrugdes Q.Clear apresentaram um desempenho semelhante
(para o 2" Tc) ou superior (para 0 2] e o 177 Lu) ao das reconstrugdes OSEM em termos
de recuperacéo de atividade. Relativamente a Qp, foram observadas melhorias nas
imagens de 23] e 177 Ly, particularmente para as esferas mais pequenas. Contudo, as
reconstru¢cdes Q.Clear apresentaram um desempenho inferior as reconstru¢cdes OSEM
em termos de ruido e razao sinal-ruido. Dado que um dos principios orientadores do pro-
cesso de otimizagao foi a maximizagao da recuperagao, investigagdes futuras, centradas
principalmente na redugao do ruido, poderao ajudar a reduzir a diferenga entre os dois
algoritmos de reconstrucdo. Estes resultados demonstram a importancia da otimizacao
adequada dos parametros de algoritmos de reconstru¢ao de verosimilhanga penalizada,
de forma a alcangar um equilibrio aceitavel entre a exatiddo na quantificagéo e o ruido

para diferentes radionuclideos.

Palavras-chave: Reconstru¢do em SPECT/CT, Q.Clear, OSEM, SPECT Quantitativa,

Detetor Anelar CZT, 1231, 99mTe, 771y
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Abstract

A recent development in SPECT technology is the introduction of 360° cadmium-zinc-
telluride (CZT) whole-body SPECT systems, such as the StarGuide SPECT/CT system,
recently installed at IPO Porto. This system employs Q.Clear, a commercial implemen-
tation of the Block Sequential Regularised Expectation Maximisation (BSREM) recon-
struction algorithm, a penalised-likelihood reconstruction method. This study aimed to: 1)
optimise Q.Clear reconstruction parameters for 221, " Tc and 77 Lu imaging, 2) evalu-
ate their impact on image quality, noise, and quantification accuracy, and 3) compare
the quantitative performance of StarGuide with the current best option at IPO Porto,
the Symbia Pro.specta dual-head gamma camera using the OSEM reconstruction al-
gorithm. To achieve this, a radionuclide-specific phantom study was conducted using
a NEMA IEC Body phantom, which was acquired on both the StarGuide and Symbia
Pro.specta systems under similar acquisition conditions. The data were reconstructed
using Q.Clear with relative difference prior (RDP) regularisation and OSEM, respectively.
The images were quantitatively assessed using recovery coefficients (RC), background
variability (BV), signal-to-noise ratio (SNR), and contrast recovery coefficients (Qy) as
metrics, determined using image analysis tools developed in MIM Software and Python.
For 23], twenty Q.Clear image reconstructions were performed, considering every dif-
ferent combination of the regularisation parameters  and v: g = 0.01,0.05,0.1,0.5,1;
v = 0.1,0.5,1,3. For *"Tc and 7 Lu, reconstruction settings used at IPO Porto and
reported in the literature were tested, with the best-performing protocol regarding RC val-
ues selected for further fine-tuning. All OSEM reconstructions were performed using the
clinical settings applied at IPO Porto and served as a reference for evaluating the quan-
titative performance of Q.Clear. For 1231, optimal performance was achieved for 8 values
in the range 0.05-0.1 and < values in the range 0.5-1, yielding the best trade-off between
quantitative accuracy and noise reduction. In general, RC, BV and Qpy decreased as
B increased, while SNR generally increased with 3. The v parameter showed little influ-
ence on the evaluated metrics. For both " Tc and 177 Lu, optimal protocols that presented
superior RC and Qg values compared to those obtained using literature-reported recon-
struction settings applied to the same data were achieved. In general, Q.Clear recon-
structions performed similarly (for **"Tc) or superiorly (for 2] and 7 Lu) to the OSEM
reconstructions in terms of quantitative accuracy as measured by RC. Regarding Qp,
improvements were observed for the 23] and 77 Lu images, particularly for the smallest

spheres of the phantom. However, Q.Clear reconstructions were generally outperformed
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by the OSEM reconstructions in terms of image noise and SNR. As one of the guiding prin-
ciples during the optimisation process was to maximise recovery, further investigation,
primarily focused on noise reduction, could help close the gap between the two recon-
struction algorithms. These findings highlight the importance of appropriate optimisation
of penalised-likelihood algorithms reconstruction parameters to achieve an optimal bal-

ance between quantitative accuracy and image noise across radionuclides.

Keywords: SPECT/CT Image Reconstruction, Q.Clear, OSEM, Quantitative SPECT, CZT

Ring Detector, 1221, " Tc, 177 Lu
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1. Introduction

1.1. Motivation

Recent developments in SPECT/CT detection technology include the rising popularity of
CZT detectors, associated with higher energy resolution, higher sensitivity, and innova-
tive acquisition geometries when compared to their Anger counterparts [1]. Additionally,
in the SPECT image reconstruction domain, the iterative reconstruction algorithm OSEM
has been established as the routine reconstruction algorithm used in clinical applications.
Nevertheless, new reconstruction approaches are emerging, focused on compensating
for OSEM’s downsides, such as the increase in image noise with the number of iterations.
One such approach is the Q.Clear reconstruction algorithm, a penalised-likelihood algo-
rithm based on the BSREM framework. This algorithm has been introduced as part of
the whole-body 360° CZT-based StarGuide SPECT/CT system, recently installed at IPO
Porto.

The installation of new imaging equipment in a Nuclear Medicine department is accom-
panied by the need to explore its new functionalities and to establish its performance
baselines. This allows for its efficient integration into routine clinical practice. Within
this context, this study aimed to explore the new reconstruction paradigm introduced by
Q.Clear. Whilst OSEM reconstruction was routinely employed at IPO Porto, and OSEM
has been extensively studied in the literature, the same cannot be said for Q.Clear, whose
first application in the SPECT domain is precisely the StarGuide SPECT/CT system. Con-
sequently, as examinations involving different radionuclides started being performed on
the StarGuide system at IPO Porto, there was a need to explore and optimise Q.Clear to

ensure its best performance.

1.2. Objectives

The main objective of this study was to explore, assess, and optimise the reconstruction

settings of the Q.Clear reconstruction algorithm for 1231, ®"Tc, and 77 Lu imaging.

The radionuclides selected for this study were chosen to represent three clinically rele-
vant and strategically important use cases for CZT-based SPECT imaging. *"Tc was
included as the standard reference radionuclide in nuclear medicine imaging, providing

a well-established benchmark against which the performance of Q.Clear reconstruction
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could be assessed. 77 Lu was selected because of its central role in molecular radiother-
apy, theranostics, and patient-specific dosimetry, making it a natural and clinically impor-
tant target for quantitative CZT-SPECT optimisation. 2] was included as a diagnostically
and dosimetrically relevant radionuclide whose image acquisition and quantification are
more challenging, due to factors such as higher-energy emissions, septal penetration,
scatter contribution, and the need for careful validation of reconstruction and correction
strategies. This selection was intended to assess Q.Clear under conditions of increas-
ing quantitative complexity: from the conventional and widely standardised case of *" Tc,
through the therapeutically and dosimetrically relevant case of 7”Lu, to the more tech-
nically demanding case of 1231, for which image acquisition and quantitative validation

remain particularly challenging.

As part of the optimisation process, two additional objectives were considered: to eval-
uate the impact of Q.Clear reconstruction parameters on image quality and quantitative
metrics, and to achieve quantitative performance equal to or superior to that obtained with

images reconstructed using OSEM on a standard dual-head Anger-based camera.

1.3. Structure

This dissertation is divided into five chapters. In the present chapter, the motivation of this
work and the objectives of this study were presented. Chapter 2 provides an overview of
SPECT detection technology, image reconstruction approaches, and quantitative SPECT.
It also describes the novel SPECT/CT system used in this study and establishes the the-
oretical foundation of the reconstruction algorithm investigated. Chapter 3 outlines the
methodology employed in this study, focusing on phantom preparation, image acquisition,
image reconstruction and image analysis. Chapter 4 presents and discusses the findings
of this study. Finally, chapter 5 summarises the key findings of this study, highlights their
significance for the field of SPECT image reconstruction, and offers suggestions for future

work.
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2. State of the Art

The recent technological advances in SPECT/CT are marked by the shift from Nal(TI)-
based gamma cameras to CZT-based systems and by the expansion of the image re-
construction process, with the introduction of penalised-likelihood algorithms, such as
BSREM, that allow for greater customization of the reconstruction process when com-
pared to the well-established OSEM algorithm. The progress made in acquisition ge-
ometry, detector hardware, and image reconstruction techniques has helped transition
SPECT into a quantitative imaging modality. Within this context, this chapter provides an
overview of SPECT detector hardware, starting with the conventional Anger camera and
culminating in the recently introduced whole-body 360° systems based on CZT technol-
ogy. The image reconstruction process is then described, from the traditional filtered back-
projection method to the latest iterative reconstruction approaches. Finally, an overview
of quantitative SPECT is provided, concluding with a review of the characteristics of the

radionuclides used in this study.

2.1. SPECT/CT Imaging

Nuclear Medicine can be defined as the clinical field that oversees the administration of
compounds labelled with radionuclides into a patient’s body for diagnostic and/or thera-
peutic purposes. These labelled compounds, referred to as radiopharmaceuticals or ra-
diotracers, produce a three-dimensional (3D) activity distribution within the patient’s body.
Radiopharmaceuticals are specifically designed to target tissues based on the pathology
of interest. Consequently, SPECT imaging provides detailed physiological and functional

information about the targeted tissues [2].

Nuclear Imaging refers to the process of creating an image of the radiopharmaceutical’s
distribution within the body. Single Photon Emission Tomography (SPECT) is the nuclear
medicine imaging modality used for radionuclides that emit -y radiation [3]. -y-ray detectors
are known as gamma cameras. In SPECT, one or more gamma cameras rotate around
the patient’s body, acquiring -ray emission data for several angular positions. For a
given angle, the acquired data are reffered to as a projection. These projection data
are then used to produce a 3D image of the activity distribution within the patient, in a
process known as image reconstruction, described in detail in section 2.2 of this chapter.

Conventional SPECT systems consist of two detectors that rotate around the patient’s
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body, typically acquiring data over a 180° arc for each detector, following circular or body

contouring orbits [4]. These systems are known as dual-head cameras.

SPECT/CT is a hybrid imaging modality that combines functional and physiological SPECT
data with detailed anatomical data from CT. SPECT/CT addresses two well-known limita-
tions of SPECT: the lack of precision in assigning sites of high radiotracer uptake, when
compared to the surrounding tissues, to specific anatomic locations, as SPECT alone
provides no anatomical reference, and the need of using transmission measurements ob-
tained with radioactive sources to apply attenuation correction [4, 5]. The SPECT and CT
scanners are installed sequentially and share the exam table. The CT scan provides an
attenuation map of the patient’s body, which can be used to correct for y-ray attenuation.
The SPECT scan and the CT scan are precisely aligned to match radiotracer uptake sites

with their corresponding anatomical locations, producing fusion images.

2.1.1 Anger Gamma Camera

Most SPECT detectors are based on the Anger gamma camera, developed by Hal Anger
[6]. The main components of an Anger gamma camera are a collimator, a scintillation
crystal, a light guide, and an array of photomultiplier tubes (PMTs) (figure 2.1) [3]. When
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| [ Display monitor
— + l

XandY
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gamma emitter the organ
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Figure 2.1: Schematic representation of a conventional gamma camera [1].

a -y-ray interacts with the scintillation crystal, light photons are produced. These photons
travel through the scintillator and reach the PMTs, where they are converted into electrical
signals. Typically, the scintillation crystal used is thallium-doped sodium iodide (Nal(Tl)).
Nal(Tl) has a high light output and can be manufactured in large-area crystals with suitable
size for body imaging. The PMTs are coupled to the crystal and are positioned, typically,
in a close-packed hexagonal array [7]. Inside a PMT, light photons interact with the pho-
tocathode, a surface that emits electrons when struck by photons. These electrons are

accelerated toward a dynode, a metal electrode held at a positive potential, which emits



FCUP | 5
Optimisation of quantitative SPECT/CT with a 360° CZT detector for 121, " Tc and 177 Lu imaging

secondary electrons upon impact. This process is repeated for a given number of dyn-
odes, and the resulting electrons are collected at the anode, producing a large current

pulse, proportional to the energy deposited by the ~y-ray in the crystal [3].

To determine the position of a scintillation event, the centroid of the position-weighted

PMT signals, (92 g), is computed, in a process known as Anger logic [6]:

25,25, Vi @ (i, Si)
Z:Sizsmin w (yl/ Sl)

ZS[ZSmin Xi W (xi’ 5i) .

£ =
ZSizsmin w (xi’ Sl) ,

7= (2.1)

where S; is the signal from the PMT at position (xi, yi), S,.in is an amplitude threshold,
and w is the PMT signal weighted according to a predefined scheme. In the simplest
case, w is equal to the raw signal, S; [7]. The outputs from each PMT are summed and
analysed by a pulse height analyser. Only signals with amplitudes within a predefined
energy window, known as the photopeak energy window, are accepted and associated

with the corresponding (92 y?) location of the scintillation event [8].

The collimator is a crucial component of a gamma camera, as it defines the direction of the
detected v photons. The parallel-hole collimator is the most commonly used in SPECT
[3, 8]. It consists of a plate with multiple holes parallel to each other and separated by
equally spaced partitions, the septa. It is typically made of a material with high atomic
number and stopping potential material, such as lead or tungsten [4, 8]. «-rays that are
not travelling parallel to the holes’ axis are absorbed by the septa. As a result, only a
reduced fraction of the y-rays emitted from the patient’s body reach the crystal, leading to
SPECT’s reduced detection efficiency when compared to Positron Emission Tomography

(PET) [5] and lower image quality [3].

Some high energy < photons that are not travelling perpendicular to the detector surface
can penetrate the septa and be detected. This phenomenon, known as septal penetration,
leads to image blurring, as the SPECT system assumes that all detected photons follow
the direction defined by the collimator. To limit this phenomenon, the septal thickness of
parallel-hole collimators is defined according to the energy of the v photons emitted by the
imaged radionuclide. These collimators are classified as low- (up to 150 keV'), medium-
(up to 400 keV') and high-energy collimators (LE, ME, and HE, respectively), with septal

thickness increasing accordingly [8].

Collimator efficiency, E,, can be defined as the number of o photons that pass through

the collimator holes per unit of activity of the source [8]. For a parallel-hole collimator, it
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is given by: “

Eq W (2.2)
where d is the hole diameter, ¢ is the septal thickness and 4, is the effective length of
the hole [8, 9]. The hole length, a, can be empirically corrected for septal penetration by
using an effective hole length a,;r = a — 2, where p is the linear attenuation coefficient for
the collimator material [3, 8]. The spatial resolution of a collimator, R, can be empirically
determined as the full width at half maximum (FWHM) of the radiation profile obtained from
7y-ray point source, known as the point spread function (PSF) [3]. R, can be computed

as:
d(acpr+b+c)

Aeff
where b is the distance from the point source to the collimator face and c is the distance

Ry = (2.3)

from the collimator back to the crystal’'s midplane [9]. Consequently, increasing the hole
diameter, d, or decreasing the hole length, a, improves the collimator efficiency, at the ex-
pense of degrading the spatial resolution. Parallel-hole collimators can, subsequently, be
further classified as high-resolution (HR), high-sensitivity (HS) or general purpose (GP),
with the latter considering intermediate values of the collimator parameters to provide a
balance between efficiency and spatial resolution. Naturally, high-resolution collimators

will have longer and narrower holes than high-sensitivity collimators.

Although the Anger gamma camera remains the foundation of most currently used SPECT
detectors [9], it has some limitations. Its design is typically bulky to accommodate the large
scintillation crystal, the PMTs and associated electronics [10]. Light photons can also be
lost at the interface between the scintillator and the PMTs, thereby degrading image qual-
ity and limiting energy resolution [1, 11]. The energy resolution represents the system’s
capability of discriminating between distinct deposited energies. It can be computed as
the ratio of the FWHM of the energy peak to the energy of the corresponding «y photon
[12]. Additionally, Anger logic, which is used to determine the position of a scintillation
event, breaks down near the edges of the detector, resulting in several centimetres of
"dead” space [11]. To address this limitation, some gamma camera designs replace the
standard continuous scintillation crystal with an array of small individual scintillation el-
ements, known as pixels. In pixelated detectors, the position of an event is determined
based on the pixel in which the signal originates, allowing full use of the detection area, as
"dead” space is no longer a concern [13]. Pixelated crystals reduce the lateral spread of

scintillation light within the crystal, thus improving spatial resolution [14]. Their thickness
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is typically reduced to ensure that each detected signal can be attributed to a single pixel.
This reduction limits the stopping power, thereby hampering the system’s sensitivity and
energy resolution. The sensitivity of a gamma camera can be defined as the number
of counts per unit time detected per unit of activity present in a source [8]. Moreover,
conventional Nal(TI) present moderate intrinsic spatial resolution * - 3 ~ 5mm at 140 keV
[15] - and energy resolution, particularly for v photons with energy lower than 200 keV [1].
To overcome the limitations of conventional SPECT systems, novel detection technolo-
gies have emerged, such as solid-state detectors. Among these, cadmium-zinc-telluride
(CZT) detectors represent a paradigm shift in SPECT technology, offering higher sensi-
tivity, improved energy resolution and a more compact design, and have become widely

used, particularly in cardiac imaging applications [1, 15].

2.1.2 CZT Gamma Camera

Semiconductor detectors directly convert o photons into electrical signals. When a «y-ray
is absorbed by the semiconductor, electron-hole pairs are generated. A bias voltage is
applied across the semiconductor using two electrodes, causing the charge carriers to
drift towards the one they are attracted to, thereby inducing a current on the electrodes.
The amplitude of the resulting electrical signal is proportional to the energy deposited by
the «y-ray [11, 12]. Semiconductor detectors are often pixelated, with each pixel being
usually associated with a single anode for electron collection [13, 16]. Compared to con-
ventional scintillation detectors, semiconductor detectors have higher energy resolution
due to the direct conversion mechanism: the production of an electron-hole pair requires
an energy of 3 — 6 ¢V, compared to ~ 30 ¢V needed to produce scintillation light in a stan-
dard Nal(Tl) crystal [14]. The limit energy resolution, R;;,,;;, for a given detector material

can be computed as the Poisson limit resolution, given by:

| F
Ryimir = 2.35 N (2.4)

where F is the Fano factorT, that can be defined as the ratio of the variance to the mean
of a given integer-value variable [17], such as the number of photons or charge carriers
produced, and N is the number of carriers [12]. As a significantly lower energy is needed
to produce electron-hole pairs, semiconductors benefit of an increased number of carri-

ers, which contributes to an improvement in energy resolution [18]. CZT detectors have

*The limit of spatial resolution achieved by the SPECT detector and associated electronics, not consid-
ering the contribution of the collimator [3].

TThe Fano factor depends on the detector material and is approximately 1 for scintillation detectors. For
CZT detectors, the Fano factor has been measured as 0.089 + 0.05 [12].
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become widely used because they overcome some limitations of other semiconductors,
such as Ge or Si-based semiconductors. These detectors, such as high-purity germanium
(HPGe) [11], must be operated at a low temperature to avoid thermally induced currents.
CZT detectors can operate at room temperature without excessive electronic noise and
also benefit from a high effective atomic number, resulting in high stopping power [3, 14].
According to Hutton et al. [13], CZT commercially available systems typically have an
energy resolution around 5.5%, compared to 9 — 10% for conventional gamma camera

systems.

The CZT energy spectrum typically presents a significant tail on the lower-energy side of
the photopeak - tailing effect (figure 2.2). CZT crystals may have some impurities, which
create energy levels near the band gap, causing some charge carriers to become trapped
in these levels for a significant amount of time. Simultaneously, electron-hole pairs can
recombine before the charge carriers are collected at the electrodes. Charge trapping and
recombination lead to the detection of fewer charge carriers and, consequently, a y-ray in-
teraction can be recorded as a lower-energy event [18, 19]. Moreover, the electron cloud
generated by a -y-ray interaction disperses as it moves towards the anodes. If its radius is
bigger than the pixel target anode area, part of the charge can be shared between pixels,
in a phenomenon known as charge sharing. Consequently, primary photons are recorded
outside of the photopeak area [16]. Collectively, these events contribute to the observed

tail. The first commercially available CZT SPECT camera was the cardiac-dedicated D-

Count-rate (%)
Count-rate (%)

100 125 150 175 200 100 125 150 175 200
Energy (keV) Energy (keV)

Figure 2.2: Representative spectra for °"Tc and 23T acquired with CZT (solid line) and
Nal(Tl) (dashed line) detectors (left), along with the corresponding combined
dual-radionuclide spectra (right) [13].

SPECT system (Spectrum Dynamics, Caesarea, Israel) [10]. The D-SPECT system fea-
tures 9 arrays of CZT detectors arranged in a 90° geometry, dedicated to cardiac imaging.
Upon its introduction, the D-SPECT system showed higher energy resolution and superior

sensitivity when compared to a conventional gamma camera [20]. Since then, significant
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progress has been made in this field, with the introduction of rectangular digital detector
systems, such as the NM/CT 870 CZT model (GE Healthcare, Haifa, Israel), as well as
whole-body systems equipped with flat CZT panels, such as the CZT SPECT/CT DNM
670 CZT (GE Healthcare) [10].

Recently, a new CZT SPECT design has been introduced to the market: 360° CZT whole-
body SPECT systems, also known as 3D-ring CZT SPECT systems. To date, two SPEC-
T/CT systems have been developed with this SPECT design: VERITON* (Spectrum Dy-
namics), introduced in 2017, and StarGuide (GE Healthcare), introduced in 2021 [21].

2.1.21 StarGuide SPECT/CT System

StarGuide combines GE Healthcare’s Optima CT540 CT scanner with a ring-shaped
SPECT gantry. A total of 12 CZT detectors are evenly distributed around the 360° gantry

(figure 2.3). Each detector is composed of 7 CZT modules, forming an axial field of view

Figure 2.3: StarGuide SPECT/CT system (left) and StarGuide detector motion range
(right) [22].

(FOV) of 27.5cm. Each module contains a 16 x 16 pixel matrix, with an individual pixel
size of 2.46 x 2.46mm?. The CZT crystals have a thickness of 7.25 mm, granting Star-
Guide an imaging energy range of 40 — 279 keV. Additionally, each detector is coupled
to a fixed LEHR dual-channel tungsten collimator, that inhibits the imaging of low- and
medium-energy radionuclides without having to exchange the collimator. Consequently,

StarGuide can image both 177 Lu energy peaks (113 keV and 208 keV') [23-25].

The detector arms are capable of independent radial motion (inward or outward). They

can also rotate simultaneously with the gantry, allowing acquisitions in various angular

*Currently, two models of the VERITON system are available: one designed for photons up to 200 keV
(VERITON 200), and another capable of imaging photons with higher energies (VERITON 400) [21].
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positions. For a given acquisition position, the tip of each detector arm will swivel dur-
ing the scan. The detector sweep rate over the FOV can be set to be constant or to be
slowed down over a user-defined region of interest (ROI) to collect more data from that
region (focused acquisition mode) [21-23]. A sensor ring, comprised of transmitting and
receiving infrared diodes is coupled to the front of the SPECT gantry. Using this infrared
technology, an optical scout of the imaged object is conducted prior to the SPECT acqui-
sition. The data from this scout is used to define the position of the table and to optimise

the radial position of each detector arm [23, 25].

The StarGuide system has been shown to acquire faster whole-body scans, being able to
perform vertex to mid-thigh scans in 12 minutes, compared to 32 minutes for a standard
dual-head camera, thereby increasing patient comfort [26]. Andelius et al. [27] reported
the successful implementation of the StarGuide system in routine clinical practice for bone,
cardiac and lung imaging using " Tc-labelled radiopharmaceuticals, with image quality
comparable to that of conventional dual-head cameras. Zorz et al. [22] evaluated the
performance of the StarGuide system according to the NEMA NU 1-2018 standards, with
adaptions to accommodate its novel design. The StarGuide system presented an energy
resolution of 5 — 6% for all radionuclides considered, representing a twofold increase com-
pared to conventional Nal(Tl) cameras. Moreover, the spatial resolution was superior to

that of a conventional system, as well as the measured volume sensitivity *.

Stenvall et al. [24] showed that the StarGuide system is a viable alternative to conven-
tional dual-head Anger cameras for 17 Lu quantitative imaging, demonstrating a lower
bias in activity-concentration estimation when using the 113 keV energy window, while
performing similarly to the Anger system for imaging at the 208 keV peak. Images ac-
quired at 208 keV were visually similar between the two systems, whereas those acquired

at 113 keV with StarGuide system appeared sharper.

A known limitation of the StarGuide system in the context of 177 Lu imaging is septal pene-
tration. As StarGuide collimators are optimised for both low- and medium-energy radionu-
clides, a higher fraction of 208 keV photons penetrates the septa compared to traditional
medium-energy collimators [23]. As stated by Danieli et al. [23], in the first quantitative
1771.u SPECT/CT study performed with the StarGuide system, septal penetration can neg-
atively affect both quantification accuracy and recovery coefficients, while also introducing

artefacts such as axial streaks near hot lesions. A similar effect was observed by Stenvall

*The volume sensitivity accounts for the number of detected events per unit of concentration for a uniform
activity concentration in a cylindrical phantom [3].
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et al. [24] in the images of an anthropomorphic phantom with spherical hot lesions, when

using the 208 keV energy window.

In addition to StarGuide, two other CZT whole-body SPECT/CT systems are currently
available: VERITON 200 and VERITON 400 (Spectrum Dynamics). These systems op-
erate similarly to StarGuide, sharing the acquisition geometry, with VERITON 200 limited
to photons up to 200 keV, and VERITON 400 enabling acquisition beyond this limit. In
the first comparative study of these three systems, using %" Tc and 7 Lu-filled phantoms,
Hoog et al. [21] showed that, although the VERITON cameras exhibited higher sensitivity
and energy resolution, StarGuide produced images of comparable quality. The cameras
behaved similarly in " Tc imaging, whereas StarGuide and VERITON 400 showed a
greater potential for 1”7 Lu imaging due to the dual-peak acquisition. However, the colli-
mator design of StarGuide, which enables this feature, was identified as a primary factor
contributing to its reduced sensitivity compared to the other systems. Despite the recent
advancements in acquisition geometry, no specific standards for these novel systems are
available, hampering standardised comparison and performance evaluation of these sys-
tems [22]. Within this context, a common limitation is the use of main and scatter energy
windows inherited from conventional Anger cameras, which do not fully exploit the im-
proved energy resolution of CZT detectors, with further studies being required to define

appropriate window settings [21, 24, 27, 28].

2.2. SPECT Image Reconstruction

The process of image reconstruction corresponds to the generation of a three-dimensional
(3D) image of the source activity distribution from two-dimensional (2D) projection data.
Typically, the projection data are reconstructed into tomographic images, corresponding
to cross-sectional images of the imaged object at a given plane. The collection of these
tomographic images, also known as slices, forms the 3D dataset [29]. The projection data
are processed by specialised mathematical methods, know as reconstruction algorithms.
Based on their mathematical treatment of the projection data, reconstruction algorithms

can be classified as analytic or iterative.

2.2.1 Analytic Reconstruction

The analytic approach to SPECT image reconstruction relies on the line integral model to
describe the data acquisition. The line integral model, also known as the Radon model,

neglects physical phenomenons such as photon attenuation and scattering [30]. The
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geometry of the data acquisition is illustrated in figure 2.4. f(x,y) corresponds to the

Figure 2.4: Geometry of data acquisition considered for the 2D Radon model [30].

radiotracer distribution within the considered slice and p(x,, ¢;) corresponds to the number
of counts recorded at location x, on the detector for the acquisition angle ¢,. Ideally, only
photons with direction parallel to the collimator holes’ axis are potentially detected. For
each location x, on the detector and for each acquisition angle ¢;, this direction is defined

by a line with the equation [29]:
S; = X cos; + y sing; (2.5)

In this idealised SPECT system, the total number of counts recorded by a detector for
a given volume of interest (VOI) is proportional to the amount of radioactivity contained
in that VOI [3, 29, 30]. Consequently, p(x,, ¢;) corresponds to the sum of values f(x, )
along the corresponding line and can be written as [29]:

—+o0

Pl ) = | flxy)du (26)

where u the defines the location of the points along the considered line. Equation 2.6
corresponds to the line integral of f(x,y) along the given line or, equivalently, the Radon
transform of the function f(x,y). In practice, p(x,, ¢;) is acquired at discrete angles ¢;
and sampled at discrete intervals across x,, and the slice is reconstructed on a 2D matrix
of discrete pixels in the (x,y) coordinate system [3]. The set of projection data p(x;, ¢;)
can be organized into a 2D matrix - the sinogram - where each row corresponds to an
angle ¢; and each column corresponds to a position x, on the detector. Each matrix
entrance, p(x,, ¢;), defines a bin. Following the formalism presented by [29], the rows

of the matrices can be stacked to obtain two vectors: f = {f; : i = 1,..., N}, where
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fi represents the radioactivity within pixel i and N represents the number of pixels, and
g={g:j=1,.., M}, where g; represents a bin and M the number of bins. Therefore, g
can be understood as the projection of f onto the detector as allowed by the implemented
collimation:

g =Pf (2.7)

where P is called the forward projection operator, mathematically defined by the discrete
Radon transform [29]. The reconstruction problem can, accordingly, be defined as: Given
the projection data g, what is the activity distribution £? This problem requires the inversion
of a discrete form of the Radon transform and can be solved by filtered backprojection

(FBP) [30].

2.21.1 Filtered Backprojection

FBP is the most widely used analytic reconstruction method [31]. The discrete backpro-

jection operator can be defined as:

NF’
b(x,y) =Y p(sj, ¢j)Ap (2.8)
=1

where N, is the number of projections and A¢ = NL,, represents the angular step between
projections [3, 29]. Ideally, no new information should be added by the data acquired
for ¢ € [m,27] due to the periodicity and symmetry properties of p(x,,¢): p(xr, ¢) =
p(x,, ¢ +2m) and p(x,, p) = p(—x,,¢ + 7). Therefore, ¢ can be limited to 7 radians and
Ap = Nl,, [29, 30]. Conceptually, for a pixel (x,y), all p(sj, (Pj) values, each one corre-
sponding to the projection of the pixel along a direction s; (equation 2.5), are summed
and the resultant value is divided by the number of projections acquired and assigned
to the reconstructed pixel. Consequently, each p(sj, 4>]-) value is uniformly placed back -
backprojected - into the image matrix along the corresponding s; direction. As such, all
pixels along s; receive the same value, regardless of their actual contribution to p (sj, 47]').
The final result is a blurred representation of f(x,y), as counts are inevitably misplaced
across the reconstruction matrix [3, 29]. In FBP, the projection data are first transformed
into the frequency domain through the application of a Fourier transform. In this domain,
a reconstruction filter, known as a ramp filter, is applied to the transformed data. This fil-
ter amplifies high-frequency components while suppressing low-frequency components,
thereby compensating for the blurring effect. The filtered data are then subjected to con-

ventional backprojection, resulting in an improved reconstruction [3].
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2.2.2 lterative Reconstruction

Currently, iterative reconstruction represents the standard approach to SPECT recon-
struction [5]. The accuracy of analytically reconstructed SPECT images is limited due to
the approximations inherent in the line integral model, particularly, the neglect of the ran-
domness of the y-ray detecting process and the neglect of physical phenomena, such as
attenuation and scattering. The former contributes to reconstructed images with a high
level of noise [18] and the latter obligates to the development of analytic models of the
corresponding phenomena to compensate them. Typically, these models are computa-
tionally demanding and are not optimised for low-count data [31]. Iterative reconstruction
methods can explicitly incorporate the physical and statistical properties of a SPECT sys-
tem, and, consequently, are preferred over analytic reconstruction methods, despite being

computationally more demanding.

The iterative reconstruction problem can be writenas g = Pf, wheref = {f;: i =1,.., N}
represents the unknown activity distribution, with f; corresponding to the activity within the
ith voxel out of a total of N voxels. g = {g; : j = 1,..., M} denotes the acquired projection
data, with ¢; corresponding to the jth measurement among M measurements. P, known
as the SPECT system matrix, contains information about the imaging process, with P;

representing the mean contribution of voxel j to measurement i [31, 32].

In essence, the iterative method develops as follows [8]: An initial guess, £, is used to
obtain an estimate of the projection data, g°, such that §° = P 2. The measured projection
data, g, is then compared to g°. Based on this comparison, the initial image estimate
is updated according to a numerical optimiser algorithm [31], originating a new image
estimate, L. This process is repeated for fl, and for all subsequent image estimates, fk,

until a predefined satisfaction criterion is achieved.

2.2.2.1 Maximum-Likelihood Criterion

The probability of obtaining the projection data g, given the activity distribution £, cor-
responds to the conditional probability of g given f or, simply, to the likelihood function
p(glf). According to the maximum-likelihood criterion, the best estimate, £, of the ac-
tivity distribution is the one that maximises p(g|f). As the logarithm function is mono-
tonic, maximising the log-likelihood function, L(g|f), produces equivalent solutions to

maximising the likelihood function [31]. Provided that detector dead time can be neglected
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and that the data has not undergone any correction, both ~-ray emissions and detec-
tions are known to follow the independent Poisson distribution [32, 33]. Consequently,

Qi ~ Poisson ([Pf]; +r;), and:

lgze Si
p(glf) H 3 (2.9)
i=1

where g; represents the expected value of measurement g;, and is given by g; = [Pf]; +
=yM, Pijfi + ;. r; represents the expectations of scatter and background events [31].

L(g|f) assumes the form:

L(g|f) = Zglln g) — g —In(gi!) (2.10)

In this framework, the function to be maximised is reffered to as the objective function:

¢(f) = L(g|f)-

2.2.2.2 MLEM and OSEM

The maximum-likelihood expectation maximisation (MLEM) algorithm, introduced by Shepp
and Vardi [34], computes image estimates based on the ML criterion. Considering an old
image estimate, (), a new image estimate, 1), can be obtained by applying the fol-

lowing update equation:

i
= p— 8 (2.11)
L Paj 5 Yk Pkifk(n) +7;

Briefly, projection estimates are computed by applying the system matrix P to f*. The
resulting projections are then compared to the measured projections by dividing the latter
by the former. This ratio is backprojected, normalised and multiplied by the previous
image estimate to produce an updated one. This entire sequence constitutes one iteration
of the algorithm. A disadvantage of MLEM corresponds to its slow rate of convergence to
the ML solution. As such, a high number of iterations, typically 30 to 50, is necessary to

reach a usable solution [32].

To accelerate the rate of convergence of MLEM, Hudson and Larkin [35] introduced
an extension of this algorithm, known as the ordered subset expectation maximisation
(OSEM) algorithm. In this framework, the projection data is grouped into ordered subsets

- S4,...,Sm -, and the objective function is divided into a sum of sub-objective functions,
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each valid for a given subset of data:

o) = Y pul(f) (2.12)

where N; represents the number of subsets and ¢,,(f) is a function of subset S,, [31, 35].
The MLEM algorithm is applied to each subset, using the reconstruction that resulted from
the previous subset as the initial image estimate. An OSEM iteration is completed when

the MLEM algorithm has been applied to all the subsets. The algorithm’s update equation

is given by:
oy F"
2 (m,n+1 - ;
glmm _ i — Y P Aé(?:ﬂ a (2.13)
qusm q] ieSy, Zk szfk ’ + ri
where fk(m’n) represents estimate fk at subset m and iteration n [31].

Iterative algorithms based on the ML criterion enforce maximum consistency between the
reconstructed image and the projection data. Since SPECT projection data are inherently
noisy, the reconstructed image are likewise noisy [32, 36]. The noise is known to increase
with the number of iterations, as increases in the likelihood function lead to the emergence
of high frequency components related to noise [36, 37]. Consequently, to obtain images
with acceptable noise levels, the number of iterations of both MLEM and OSEM has to be
limited. One approach to address this limitation is considering the maximum a posterior
(MAP) criterion, which incorporates prior information through regularisation terms to guide

the reconstruction towards a more acceptable solution, i.e., a smoother image.

2.2.2.3 MAP Criterion

The probability of obtaining the activity distribution, £, given the projection data, g, corre-
sponds to the posterior probability and can be expressed through Bayes’s theorem as:
p(flg) = P8l P(E) (2.14)
p(g)
where p(f) represents the state of knowledge before the data acquisition, known as the
prior probability [38]. According to the MAP criterion, the best estimation, ¥, is the one
that maximises the posterior probability, as given by equation 2.14, or, equivalently, the

one that maximises the logarithm of the posterior probability function, given by:

L(flg) ~ L(g|f) + Inp(f) (2.15)
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where the normalization term, p(g), can be neglected, as it is not a function of f [31, 38].
Considering the Poisson model, L(f|g) assumes the form:
M

¢(f) = L(flg) = ;gi In(gi) — & —In(g!) + Inp(f) (2.16)
Equation 2.16 combines consistency with the projection data, through the likelihood term,
with compliance with prior expectations, through the prior term. This term inserts consid-
erations about the properties the true image should exhibit, such as smoothness. Smooth-
ness can be described as a high probability of neighbouring voxels having similar values.
A commonly used prior that encourages this property is given by the Gibbs distribution
[32]:

p(f) = %e‘m” (2.17)

where Z represents the normalization partition function, g determines the strenght of the
prior, and R(f) is known as an energy function of f [38]. Considering a Gibbs prior, equa-

tion 2.15 assumes the following simplified form:

L(f|g) ~ L(glf) — BR(f) (2.18)

The term BR(f) can be interpreted as a penalty (or regularisation) term. The penalty
function, R(f), suppresses large differences between neighbouring voxels, steering the
estimate away from the ML solution [37]. As BR(f) penalises the likelihood function, MAP-
based algorithms are also known as penalised likelihood (PL) algorithms. B determines

the strength of regularisation to control image noise [39].

Two examples of Gibbs priors are the relative difference prior (RDP) and the median
root prior (MRP). The RDP penalises relative differences in value between neighbouring

voxels and is given by:

vy A
RO =2 b O )+ 17— il 219

where N; represents the neighbourhood of voxel j, wj. represents a weighting factor con-
cerning the distance between voxels j and k, and vy is a parameter that controls the shape
of the prior [37, 40, 41]. Particularly,  controls the degree of edge-preservation; the
higher its value, the sharper the image. RDP regularisation imposes more smoothing in

areas with lower activity and less smoothing in areas with higher activity [42].
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The MRP is given by: )
_ fi — Med(fi)
R(fk) - Med(fl)

where Med( f;) corresponds to the median of the voxels in the neighbourhood of voxel i

[43].

(2.20)

2.2.2.4 BSREM

Currently, OSEM is the most widely used iterative reconstruction method, providing supe-
rior image quality compared to FBP, while benefiting from low computational costs [31].
However, OSEM is not a globally convergent algorithm: Given any initial image guess,
it is not guaranteed that OSEM will converge to the ML solution. One method for mak-
ing an OS method converge is known as relaxation, in which the step size is forced to
gradually decrease as the algorithm goes through each subset [44]. In OSEM, the old
image estimate for a given subset is multiplied by a given term (equation 2.13) to create
the new image estimate. This term can be understood as a step size, that is, how much
of the old image estimate contributes to the new one. In relaxed OSEM, this term is al-
tered by the introduction of relaxation parameters that diminish the old image estimate
contribution [31]. The row-action maximume-likelihood algorithm (RAMALA), introduced
by Browne and De Pierro [36], is an example of a relaxed OS method. RAMALA'’s update

equation is given by:

(kq) _ ((kqg—1) (kq—1) Pijgi
i7" = f + 1k f; ). - -1 (2.21)
j j j = \op fl(k,q 1) e

where 1, corresponds to a sequence of positive relaxation parameters obeying the fol-
lowing conditions:
lim n, =0; Nk = +oo (2.22)
k—o0 k=0

Browne and De Pierro proved RAMALA'’s global convergence for a strictly concave objec-
tive function. De Pierro and Yamagishi [45] extended this method to the MAP formulation,
treating the prior term as another subset of the objective function. The resulting algorithm
is known as the block sequential regularised expectation maximisation (BSREM) algo-
rithm. BSREM'’s global convergence proof required certain a priori assumptions and,
posteriorly, a modified version of BSREM that allowed for a global convergence proof

without those assumptions was introduced by Ahn and Fessler [44]. The BSREM update
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equation is given by:

k, kq—1 kq—1 kq—1
fj( q) :fj( q-1) +77kfj( q )V% (f]( q )) (2.23)

2.2.2.5 Q.Clear

A commercial application of BSREM corresponds to Q.Clear (GE Healthcare). Q.Clear’s
objective function, following the PL formulation, can be written as [37]:
M

¢(f) = ;gi log([Pfli +ri) — ([Pfli +71i) — BR(f) (2.24)
Q.Clear was first incorporated to GE’s PET/CT systems, allowing for reconstructions us-
ing RDP regularisation and having p as the only adjustable parameter. Recently, a more
flexible version of Q.Clear has been implemented in the StarGuide SPECT/CT system.
In StarGuide, Q.Clear can be applied with and without regularisation. It allows for RDP
or MRP regularisation, and both v and B are adjustable parameters. While optimisa-
tion of the B parameter has been extensively studied for PET/CT systems, few studies
have addressed the performance and the optimisation of Q.Clear in the SPECT domain,
particularly due to the novelty of the StarGuide system. Most studies have either used
StarGuide’'s OSEM algorithm [22, 24, 28] or employed Q.Clear with only the reconstruc-
tion parameters recommended by the manufacturer, without exploring the algorithm’s full
capabilities [21, 22, 26].

Danieli et al. [23] conducted the first study of Q.Clear’s performance for quantitative 177 Lu
SPECT/CT, using both a cylindrical phantom and a NEMA IEC Body phantom. An opti-
misation of the number of iterations and the number of subsets was performed for three
reconstruction methods: OSEM, Q.Clear without regularisation and Q.Clear with RDP
regularisation. For the latter, v and § were kept constant. Image quality was evaluated by
calculating the spatial resolution (NEMA IEC Body phantom) and the coefficient of vari-
ation (cylindrical phantom) as a noise measure. Compared to OSEM, Q.Clear showed
reduced noise accumulation and fewer Gibbs-like artefacts as the number of iterations
increased. For a fixed number of updates (iterations x subsets), both image quality pa-
rameters were found to depend on the number of subsets. Overall, Q.Clear enabled
the quantification of 177 Lu, with the quantification accuracy error (cylindrical phantom) not

surpassing 10%.

As noted previously, Andelius et al. [27] conducted a comparative study of the StarGuide

system’s performance relative to conventional gamma camera systems for bone, cardiac
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and lung scans. An optimisation of the number of iterations, number of subsets, and the
and 8 values was performed on a small cohort of patientimages for each scan type. Image
quality was qualitatively assessed by physicians, and Q.Clear’s images were considered

to be of similar quality to those obtained with traditional systems.

Recently, Yamaguchi et al. [46] optimised Q.Clear’s o (1 — 50) and § (0.01 — 0.1) param-
eters for striatal SPECT using the StarGuide system and an '2I-FP-CIT-filled striatum
phantom. Increases in § were found to reduce the coefficient of variation of the recon-
structed image, while increases in v improved the image’s contrast. A visual evaluation
of the images, performed by physicians and technicians, concluded that the combinations
B =0.03and v =5, and g = 0.05 and v = 10 produced the images that most accurately
described the tracer accumulation in the striatal regions. Similarly, an effort to harmonize
acquisition and reconstruction protocols for [123]-loflupane imaging using the StarGuide
system was conducted by independent research groups across seven European centres
[47]. Each group evaluated the StarGuide system, first according to the NEMA NU 1-
2018 standards and subsequently through in-house phantom studies. These procedures
included variations in Q.Clear’s reconstruction parameters, namely the number of itera-
tions and subsets, the v (0.2 —2) and B (0.01 — 0.08) values, and post-filtering options.
Using clinically relevant quantitative metrics derived from a striatum phantom, optimal

reconstruction parameters were identified, leading to consensus across the centres.

2.3. Quantitative SPECT

SPECT has historically been regarded as a non-quantitative nuclear imaging modality,
with images being reconstructed in units of counts and image analysis relying mostly on
relative radiopharmaceutical uptake, i.e., the comparison of uptake between imaged body
structures. In contrast, PET images have traditionally been reconstructed in units of ac-
tivity concentration and/or standardised uptake value (SUV). The lower spatial resolution,
sensitivity and image quality of SPECT, when compared to PET, made the first a less at-
tractive option for absolute quantification. However, recent advancements in SPECT tech-
nology have enabled the quantification of SPECT data in a similar manner to PET data.
These include improvements in image reconstruction algorithms and correction methods
forimage-degrading phenomena, such as photon attenuation, scatter, collimator-detector
response and the partial volume effect (PVE). The development of quantitative SPECT
has been driven by progress in targeted radionuclide therapy (TRT) and, particularly, in
theranostics [48, 49].
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In TRT, a radionuclide is attached to a vector, a molecule that has an affinity for a specific
biological target or receptor, thereby enabling the selective delivery of radiation [50]. In
this framework, theranostics has emerged as a precision medicine approach that com-
bines nuclear medicine imaging with TRT [51]. This combination can be achieved using
a radionuclide with both diagnostic and therapeutic capabilities; that is, in the SPECT
domain, a radionuclide that emits both o and g radiation, such as '”/Lu. The ability to
perform SPECT imaging during treatment enables internal dose calculations, verification
of treatment delivery, and personalisation of therapy over the course of several sessions
[50]. Another theranostic approach involves the use of a theranostic radionuclide pair,
consisting of a y-emitting radionuclide (imaging) and a g-emitting radionuclide (therapy),
both labelling vectors targetting the same structure [52]. This approach enables, for ex-

ample, pre- and post-therapeutic imaging to assess and monitor treatment response.

Accurate quantitative SPECT reconstruction requires attenuation and scatter correction,
as attenuated and scattered photons degrade image quality and reduce quantitative re-
construction accuracy. In iterative reconstruction methods, the attenuation correction is
performed by incorporating an attenuation map of the patient’s body into the system ma-
trix [48, 53]. In SPECT/CT, the attenuation map is obtained from the CT scan. To do so,
the CT images are converted from Hounsfield units (HU) into corresponding linear atten-
uation coefficients for the appropriate radionuclide photon energy [54]. To compensate
for scatter, multiple energy window scatter correction methods are typically used, includ-
ing the dual-energy-window (DEW) and the triple-energy-window (TEW) methods [48]. In
these approaches, scatter windows are used to estimate the number of scattered photons
recorded in the photopeak energy window, and these estimate is then subtracted from the
photopeak counts to obtain corrected values [55]. In the TEW method, two subwindows
are defined: one below the photopeak energy window - lower scatter window - and one
above the photopeak energy window - upper scatter window. The scatter component for

a voxel i is estimated as:

C; 1 Ci upper Wi
C' _ L,lower UpPp main 2.25
l'scattgr < WZOZUEV + Wupper X 2 ( )

where C; jower @and C; ypper @re the counts recorded in the lower and upper scatter windows,
respectively, and Wi,wer, Wipper and Wy, represent the width of the corresponding en-
ergy windows [53, 55]. The TEW method is used for radionuclides with emissions above
the photopeak of interest, as these higher energy photons can be scattered and recorded

in the main energy window, in a process known as downscatter. In contrast, the DEW
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method considers only a low scatter window [18, 53]. Additionally, resolution recovery
algorithms are used to correct for the collimator-detector response. The same amount
of activity can be viewed differently by a detector due to detector intrinsic response and
collimator response, which includes geometric response, scatter, and septal penetration.
These components collectively define the collimator-detector response function*, which
can be modelled and incorporated into the reconstruction process to compensate for the

these effects [56, 57].

The PVE refers to the apparent underestimation or overestimation of the activity within a
structure that occurs for structures smaller than 3 times the FWHM of the spatial resolution
of the reconstructed images or for structures located at the edge of larger objects, due to a
combination of count spill-out and spill-in effects [53, 58]. The former effect corresponds
to the distribution of activity beyond the borders of the structure, causing a loss of signal
for that structure and subsequent underestimation of activity. The latter corresponds to
the integration of counts within a structure that is surrounded by regions with higher activ-
ity, leading to an overestimation of the structure’s activity [58]. PVE is due to the SPECT
system limited spatial resolution. Although partial volume corrections are not generally
available commercially, EANMT guidelines for quantitative SPECT encourage the empir-
ical determination of PVE correction factors, also known as recovery coefficients (RCs)
[48]. These correspond to the ratio of the apparent (measured) activity concentration to
the true concentration and can be applied to correct for the PVE [3]. The determination of
RCs, and associated recovery curves, is typically performed using phantoms with spher-
ical inserts, such as the NEMA IEC PET Body Phantom [59], filled with known activity

concentrations.

To perform quantitative SPECT, a calibration factor, which converts reconstructed image
counts into activity concentration units (Bg/ml), must be determined. The calibration fac-
tor depends on the chosen radionuclide and on the acquisition, reconstruction, and image
correction parameters defined. A commonly used method to determine the calibration fac-
tor is to perform volumetric measurements of a large phantom filled uniformly with a known
activity concentration [48]. Quantitative SPECT can be applied to patient scans only if the
phantoms used are acquired, reconstructed and corrected using the same parameters as

those applied in patient imaging [53].

*Scatter and septal penetration functions model the interactions between photons and the collimator.
The detector intrinsic response function models the effects of interactions within the detector itself, while the
collimator response function models the effects of the source-to-collimator distance [56].

TEuropean Association of Nuclear Medicine.
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Despite significant technological and methodological advances in SPECT/CT, several lim-
itations remain that hinder its full establishment as a robust quantitative modality. Quan-
titative accuracy remains heavily dependent on acquisition protocols, reconstruction al-
gorithms, and the selection of their respective parameters, particularly within the context
of iterative and penalised-likelihood methods. The lack of standardisation across sys-
tems, notably between conventional Nal(Tl) crystal-based cameras and newer systems
based on CZT detectors, further complicates the reproducibility and comparability of re-
sults. Additionally, although algorithms such as BSREM (Q.Clear) have demonstrated
advantages regarding noise control and convergence, their performance in the SPECT
domain remains insufficiently characterised. In particular, the impact of fundamental re-
construction parameters, such as y and 3, on image quality, noise behaviour, and quan-
titative accuracy is not fully understood, especially in 360° geometry CZT systems like the
StarGuide. Existing studies are still limited in scope, often based on specific phantoms
or small patient cohorts, failing to provide a systematic framework for the optimisation of
these parameters. Consequently, there is an evident need for a systematic evaluation and
optimisation of reconstruction strategies tailored to CZT-based SPECT/CT systems, with
a particular focus on their quantitative performance. Addressing these limitations is es-
sential to ensure reliable activity quantification and to support the clinical implementation

of personalised dosimetry approaches in radionuclide therapy.

2.4. Radionuclides

This section provides an overview of the radionuclides used in this study.

241 PmTe

PmTe is a metastable state of “Tc. It has a physical half-life of 6.01 hours, emits o photons
with an energy of 140.51 keV (88.5%), and can be easily obtained from a % Mo -""Tc
generator [60]. These properties have made " Tc the most widely used radionuclide for
SPECT imaging. Some of its applications include measurements of bone metabolism,
myocardial perfusion, and cerebral blood flow, enabling, respectively, the assessment of

metastatic spread of cancer, coronary artery disease, and neurological disorders [3].

242 771y

77 Lu has a physical half-life of 6.64 days and decays into the stable radionuclide 7" H f

by B~ emission. Consequently, 177Lu can be used for therapeutic purposes. The emitted
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B~ particles have a maximum energy of 496.80 keV (79.5%). During the decay process,
v-rays that can be imaged by SPECT are also emitted, with energies of 112.95keV (6.2%)
and 208.37 (10.4%) [61]. Currently, this radionuclide is commonly used for the treatment of
metastatic castration-resistant prostate cancer with radiopharmaceutical ['”” Lu]Lu-PSMA-
617, which targets the prostate-specific membrane antigen (PSMA) overexpressed in
these tumours, and for inoperable SSTR-positive gastroenteropancreatic neuroendocrine
tumours with radiopharmaceutical ['” Lu]Lu-DOTATATE, which targets somatostatin re-

ceptors (SSTRs) overexpressed in neuroendocrine tumours [62].

243 1231

1231 has a physical half-life of 13.22 hours and emits  photons with an energy of 158.97 keV
(83.3%) [63]. In addition to the primary photons, 23T emits a series of high-energy photons,
between 248 and 784 keV/, with a total abundance of 3.0% [3]. The most abundant emission
occurs at 529keV (1.4%) and is associated with a backscatter peak at 172 keV, which
typically falls within the photopeak energy window defined for imaging. Overall, these
high energy photons can penetrate the collimator septa and can also be scattered and

detected into the photopeak energy window, thereby compromising image quality [51].

It is commonly paired with 13'I, which emits B~ particles used for treatment, forming the
theranostic pair 1231 /131]. This approach enables pre- and post-therapeutic assessment
of differentiated thyroid cancer by SPECT/CT imaging. Additionally, the radiopharma-
ceutical ['?3]]-metaiodobenzylguanidine (['23I]-MIBG) is used to identify neuroendocrine
tumours that express that express the norepinephrine transporter, which MIBG targets,

and that are subsequently treated with ['3'1]-MIBG [62].
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3. Materials and Methods

The primary objective of this study was the optimisation of Q.Clear reconstruction param-
eters for quantitative 1231, " Tc, and 77 Lu imaging on the StarGuide SPECT/CT system.
To this end, a NEMA IEC PET Body phantom was filled separately with each radionu-
clide and acquired on both the StarGuide and Symbia Pro.specta SPECT/CT systems.
The StarGuide datasets were used to evaluate different Q.Clear reconstruction parame-
ter combinations, whereas the Symbia Pro.specta datasets, reconstructed using the well-
established OSEM algorithm, served as a reference for quantitative performance compar-
ison. The reconstructed images were assessed using recovery coefficients, background
variability, signal-to-noise ratio, and contrast recovery coefficients. To enable systematic
quantitative analysis of the phantom images, dedicated workflows were developed in MIM
Software and Python. These tools also enabled the implementation of a method for cal-
ibration factor determination directly from NEMA phantom acquisitions. To evaluate this
approach, a secondary study was performed using a Jaszczak Deluxe SPECT phantom
filled with 1231, allowing comparison with the calibration factor determination methodology
recommended by the EANM guidelines. The following sections describe the phantoms
used and their preparation, the acquisition and reconstruction procedures, the develop-
ment of the quantitative analysis tools, and the image quality metrics employed throughout

the study.

3.1. Radionuclides

This study focused on three radionuclides, whose characteristics were summarised in
chapter 2. Following the installation of the StarGuide SPECT/CT system in the Nuclear
Medicine Department at IPO Porto, replacing a conventional Anger camera system, rou-
tine clinical examinations began to be performed on this equipment, motivating the need
to assess and optimise its quantitative performance. Within this context, as paediatric
123]_MIBG SPECT examinations, which were frequently performed at IPO Porto, were
subsequently transferred to the StarGuide system, optimising its performance for this ra-
dionuclide became particularly relevant. " Tc was included in the study because it is the
most widely used radionuclide in SPECT imaging. Although its quantitative performance
has been extensively investigated using OSEM reconstruction and conventional Anger
camera systems, its behaviour under the novel acquisition geometry and reconstruction

framework provided by the StarGuide system remains less well established, warranting
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further investigation. Finally, 7/Lu was included in the study owing to its growing role
in theranostics, enabled by its combined beta- and gamma-emitting properties. lIts clini-
cal use has expanded considerably, particularly for the treatment of prostate cancer and
neuroendocrine tumours [64]. Furthermore, the StarGuide system’s ability to simultane-
ously image both 77 Lu photopeaks makes it a promising candidate for quantitative 77 Lu

imaging, supporting personalised dosimetry and theranostic applications [23].

1231 is a particularly challenging radionuclide to image due to the emission of several
high-energy photons, which lead to septal penetration and scatter [65]. In turn, these phe-
nomena are known to reduce image contrast and spatial resolution, and to create image
artefacts that compromise quantification accuracy [66]. Hence, the use of ME collimators
for this radionuclide is often suggested to reduce the influence of the scatter component.
However, for studies where high spatial resolution is required, LEHR collimators should be
used. In this context, scatter correction methods assume great importance, as there is a
large contribution from down-scattered high energy photons in the photopeak window [67].
The challenges associated with the imaging of 177 Lu are also related to scatter and septal
penetration. In particular, the 113 keV energy window is highly affected by scattered high-
energy photons, and the 208 keV photons largely contribute to septal penetration, both of
which compromise image quality [66]. Hence, the choice of collimator (ME for the 208 keV
peak [66]) and the implementation of scatter and septal penetration correction methods

are essential to mitigate these phenomenons and improve image quality.

The clean 140.51 keV gamma emission of " Tc, characterised by the absence of primary
particle radiation and the low abundance of emissions at other energies, has, together
with its wide range of clinical applications, established " Tc as the workhorse of SPECT
[3, 68]. Consequently, the performance of Nal(Tl) Anger cameras has generally been
evaluated using this radionuclide as a reference, establishing well-know benchmarks for
energy resolution, spatial resolution and sensitivity. In this domain, CZT cameras have
consistently show greater energy resolution (5% at 140 keV compared to 10% for a con-

ventional camera), sensitivity, spatial resolution and shorter acquisition times [1, 69, 70].

The improved energy resolution in CZT detectors can facilitate scatter correction through
better discrimination between primary and scattered photons, thereby improving imaging
performance for radionuclides such as %I and 7/ Lu [70]. However, septal penetration
is primarily determined by collimator design (septa thickness and length). Consequently,

improvements in the compensation of septal penetration artefacts are expected to arise



FCUP | 27
Optimisation of quantitative SPECT/CT with a 360° CZT detector for 1221, " Tc and 177 Lu imaging

mainly from dedicated correction models rather than from the CZT technology itself. Addi-
tionally, unlike conventional Anger cameras, where different collimators can be selected
based on the radionuclide being imaged, systems such as StarGuide have fixed colli-
mators often focused on %" Tc imaging [24]. As a result, the acquisition setup cannot be
changed to adapt to and mitigate septal penetration from high-energy photons, such as the
208 keV emission of 177 Lu. Furthermore, CZT detectors are susceptible to charge-sharing
effects, leading to the appearance of low-energy tails in the recorded energy spectrum,
which can compromise the performance of window-based scatter correction methods for

all tested radionuclides [24].

3.2. Phantoms

Two phantoms were used in this study: a NEMA IEC PET Body phantom (Data Spectrum,
Durham, North Carolina, USA) and a Jaszczak Deluxe SPECT phantom (Data Spectrum,
Durham, North Carolina, USA) (figure 3.1). These will be hereafter referred to as the
NEMA phantom and the Jaszczak phantom, respectively. The NEMA phantom served as
the primary phantom for reconstruction optimisation, image quality evaluation, and quan-
titative performance assessment, whereas the Jaszczak phantom was used exclusively

for the calibration factor study described in section 3.5.2.

Figure 3.1: Jaszczak phantom (left) and NEMA phantom (right).

3.2.1 NEMA Phantom

The NEMA phantom consists of a main PMMA cylinder, with a nominal volume of approx-
imately 9700 mI when empty, a cylindrical lung insert, with a nominal volume of approx-

imately 260 ml, and an insert with six fillable hollow spheres. The spheres have internal
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diameters of 10, 13, 17, 22, 28, and 37 mm, corresponding, respectively, to fillable volumes

of 0.5, 1.2, 2.6, 5.6, 11.5, and 26.5 ml [59].

The six spheres and the phantom’s background compartment (i.e. the remaining fillable
volume of the main cylinder with all inserts in place) were filled on separate occasions
with dedicated solutions of 1231, " Tc, and 77 Lu, and subsequently acquired on both
the StarGuide and the Symbia Pro.specta (Siemens Healthineers, Erlangen, Germany)
SPECT/CT systems. The activity concentrations at the time of acquisition for both the
Spheres - cspperes - @and the background - cpackground, fOr €ach acquisition, are presented in
table 3.1. For simplicity, each acquisition was assigned a unique identifier (ID), encoding
the SPECT/CT system (StarGuide or Symbia Pro.specta) used and the imaged radionu-
clide (21, " Tc or Y7Lu). To distinguish between different acquisitions performed on
the same SPECT/CT system for the same radionuclide, a sequential number (from 1 to
the total number of acquisitions) was appended to the ID. The values presented in table
3.1 correspond to the time-decay-corrected initial activity concentrations used to fill the
referred compartments of the NEMA phantom, as the acquisitions did not immediately
follow phantom preparation. This correction is given by:

_ In(2)At
Cacq. = Cprep. X € 1172 (3.1)

where c,.,. is the activity concentration at the time of phantom filling, c,,. is the activity
concentration at the time of phantom acquisition, At is the time interval between phantom
acquisition and phantom preparation, and T; /, is the physical half-life of the considered

radionuclide.

As shown in table 3.1, multiple acquisitions with different time durations for the same
radionuclide were performed throughout the course of this study. Acquisitions 231 _Star-
Guide_1 and )] Symbia_1 were available at IPO Porto at the beginning of this study,
having been performed on 29/10/2025. These datasets and corresponding reconstruc-
tions were used, as detailed in sections 3.4 and 3.5, to conduct the optimisation of Q.Clear’s
reconstruction parameters for 123] and to develop software tools for the quantitative anal-
ysis of NEMA phantom images, respectively. The remaining 23] acquisitions were per-
formed on 24/03/2026 to evaluate the determination of the calibration factor using the
developed software tools, as further detailed in section 3.5. Once the optimisation for

this radionuclide was completed, the phantom was filled with " Tc and acquired for 5

*Sphere-to-background activity concentration ratio.
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D ?fr::';':ﬂ; Copteres IMBG/mil]  Couctground [MBq/ml] SBR®
123I_StarGuide_1 15 0.068 0.0067 10
123I_StarGuide_2 15 0.169 0.0157 11
123] StarGuide_3 10 0.166 0.0154 11
123] StarGuide_4 5 0.163 0.0151 11

123I_Symbia_1 15 0.053 0.0053 10
99m Tc_StarGuide_1 15 0.736 0.068 11
99m Tc_StarGuide 2 5 0.762 0.071 11

9T Symbia_1 15 0.695 0.064 11
9mTe Symbia_2 15 0.673 0.062 11
177Lu_StarGuide_1 15 0.726 0.078 9
177Lu_StarGuide_2 5 0.725 0.078 9
177Lu_StarGuide_3 15 0.318 0.034 9
177L4_Symbia_1 15 0.591 0.0064 9
177Lu_Symbia_2 5 0.590 0.0064 9

Table 3.1: Activity concentrations, at the time of image acquisition, used for the spheres
and the background of the NEMA phantom.

and 15 minutes on both SPECT/CT systems to perform the optimisation for this radionu-
clide on 12/05/2026. The same procedure was conducted on 20/05/2026 (StarGuide) and
22/05/2026 (Symbia Pro.specta) for ”/Lu. This ensured that quantitative performance

could be compared between systems and between different acquisition times.

At this stage of the study, images were routinely reconstructed immediately after phantom
acquisition, and quantitative analysis, as described in section 3.5, was performed typically
on the same day, allowing for repetition of acquisitions when deemed necessary. For
the 177 Lu-filled phantom, on 27/05/2026, both StarGuide acquisitions were repeated due
to a suspected dataset mix-up between the 7Lu_StarGuide_1 and '/Lu_StarGuide 2
datasets, prompted by unexpectedly high recovery coefficients obtained for the 5-minute
images, when compared to the 15-minutes images, obtained for the reconstruction pro-
tocols tested the previous day. Due to a technical malfunction in the StarGuide system,
no scatter windows were acquired for the new 15-minute acquisition, requiring the acqui-
sition to be repeated the following day (}”/Lu_StarGuide_3). Subsequent evaluation of
additional reconstruction protocols confirmed that no dataset mix-up had occurred. Con-
sequently, the acquisitions performed on 27/05/2026 will not be considered in this study;
however, since the optimisation procedure for this radionuclide also used data from ac-

quisition 177 Lu_StarGuide_3, this acquisition was included in table 3.1.
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3.2.1.1 Phantom Preparation

The preparation of the NEMA phantom was identical for each radionuclide studied. First,
based on phantom preparation data from previous studies involving the NEMA phantom
conducted at IPO Porto, two activity values were established: one for the spheres and
another for the background, aiming for a final sphere-to-background activity concentra-
tion ratio of approximately 10. Subsequently, using two syringes, the calculated activities
were withdrawn from the vials available in IPO Porto’s radiopharmacy hot cell, where the
radionuclides are stored. After withdrawal, each syringe was placed in a dedicated holder
and inserted into the hot cell’'s dose calibrator, where the activity was measured, with the
measured value and the time of measurement being recorded for time-decay correction

purposes.

To fill the spheres, the corresponding withdrawn activity was diluted in a vial with 200 m!
of water. The spheres were then filled one by one using a syringe, taking care to avoid
the formation of air bubbles inside the spheres. The syringe used to transfer the activity
to the 200 m! water vial was rinsed repeatedly with the vial’s water to minimise residual

activity in the syringe.

The background compartment was filled with water almost to the top of the phantom, after
which the activity prepared for this region was injected, and the phantom was then topped
off with water. The previously described rinsing procedure was also applied to the syringe
used to transfer the activity to the background compartment. The NEMA phantom was
vigorously shaken to ensure a homogeneous distribution of activity within the phantom’s

background.

During the preparation of the 177 Lu-filled NEMA phantom, after the injection of the activities
into the vial and the background compartment, each syringe was once again placed in
the dose calibrator to measure its residual activity. This was done because ”/Lu has a
tendency to precipitate and adhere to surfaces [23]. The time-corrected residual activity
was then subtracted from the also time-corrected withdrawn activity to obtain the total

prepared activity for each compartment.

3.2.2 Jaszczak Phantom

The Jaszczak phantom consists of a main PMMA cylinder, with a nominal volume of ap-

proximately 6900 mI when empty. It includes an insert with cold rods and an insert with six
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fillable hollow spheres [71]. For the purposes of this study, the phantom was used without

any inserts.

The phantom was filled with an 1231 solution at an initial activity concentration of 0.0083 MBq/ml.
It was subsequently acquired three separate times on the StarGuide SPECT/CT sys-
tem during 5, 10, and 15 minutes, respectively, on 24/03/2026. As the acquisitions did
not immediately follow the phantom filling, the correction described by equation 3.1 was
also applied to determine the activity concentration at the time of each acquisition. Ac-
cordingly, the activity concentrations at the time of acquisition were 0.0066, 0.0065, and
0.0064 MBgq/ml, respectively. The filling process was identical to that used for the back-
ground compartment of the NEMA phantom. These acquisitions were used to, as further

detailed in section 3.5, determine calibration factors following the EANM guidelines.

3.3. Image Acquisition

The NEMA phantom was acquired on both the StarGuide SPECT/CT and Symbia Pro.specta
SPECT/CT systems. The Jaszczak phantom was acquired exclusively on StarGuide, in
accordance with the objectives of this study. The StarGuide SPECT/CT system has been
described in detail in section 2.1 of chapter 2. The Symbia Pro.specta SPECT/CT is a
conventional dual-head crystal-based SPECT/CT system, equipped with a scintillation
crystal with a thickness of 3/8”. The data collection setup for the NEMA phantom on both

systems is presented in figures 3.2, 3.3 and 3.4.

The acquisition process differs considerably between the two SPECT/CT systems con-
sidered, owing to the differences in their acquisition geometry. In StarGuide, a scout scan
using infrared diodes is first conducted. Using the data from this optical scout, the detec-
tors’ radial position is adjusted to be as close as possible to the phantom (figure 3.3) in
order to maximise photon detection efficiency. Once this optimal position is achieved, data
acquisition begins. During this process, the tip of each detector performs a sweeping mo-
tion, acquiring data in 2° sweep steps, in a process defined by the system as continuous
sweep mode. This procedure is repeated for a predefined number of gantry positions/ro-
tations. In this study, six gantry rotations were used for all acquisitions, regardless of the
scan duration, according to the acquisition protocols established at IPO Porto. Between
gantry positions, the twelve detectors collectively recoil, rotate 5° in the clockwise direction
and then move radially inward again toward the phantom to continue acquisition. These

transitions are scheduled by the system based on the total acquisition time defined by the
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user. Consequently, the raw acquisition dataset consists of twelve sub-datasets, each

containing the data from all gantry positions and sweep steps for each detector.

Figure 3.2: StarGuide setup for the acquisition of the NEMA phantom (left) and a
close-up view of the NEMA phantom positioned inside the scanner bore (right).

Figure 3.3: Positioning of the StarGuide detectors during data acquisition.

In Symbia Pro.specta, a topogram is first acquired using lower tube voltage and current
than those used for the CT scan. Each detector covers a 180° arc around the phantom
in the counter-clockwise direction and acquires a predefined number of views for each
angular position. In this study, continuous acquisition mode was selected, and a non-
circular orbit was followed by the detector heads. For both systems, the CT scans are

conducted prior to the SPECT scans.
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i/

Figure 3.4: Symbia Pro.specta setup for the acquisition of the NEMA phantom.

3.3.1 StarGuide SPECT/CT

The energy window settings used for each acquisition are summarised in table 3.2. As
already stated, the StarGuide SPECT/CT system is equipped with dual-channel LEHR col-
limators, enabling the imaging of both 177 Lu photopeaks. Consequently, for the 177 Lu ac-
quisitions, two main photopeak energy windows were defined - one for each photopeak -,
enabling the generation of, in addition to the individual 113 keV and to the 208 keV images,
a third image corresponding to the voxel-wise arithmetic sum of the images reconstructed

from the both energy windows [21]. In the StarGuide system, the SPECT reconstruction

Radionuclide Window Center [keV] Window Width

137 159.00 10%
OmTe 140.51 7.5%
- 113.00 10%

208.00 6%

Table 3.2: Energy window settings used for acquisitions on the StarGuide system.

image matrix size is automatically defined by the system, whereas the voxel size is defined
by the user, with two available options: 2.46 x 2.46 x 2.46 mm> and 4.92 x 4.92 x 4.92 mm?3.
In this study, this parameter was kept constant at 2.46 x 2.46 x 2.46 mm? for all acquisi-

tions. For acquisition 123]_StarGuide_1, aimage matrix of size 124 x 124 was considered,
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whereas the remaining 1231 acquisitions were reconstructed using a 252 x 252 matrix. All
PmTe acquisitions were reconstructed using a 252 x 252 matrix. A reconstruction matrix
of size 268 x 268 was used for acquisitions 7’ Lu_StarGuide_1 and 7/ Lu_StarGuide_2,

whereas a matrix of size 258 x 258 was used for acquisition 7/ Lu_StarGuide_3.

Regarding the CT scans, a tube voltage of 120kV and a tube current of 60 mA were
used for all acquisitions except 23] StarGuide_1. For acquisition 2] _StarGuide 1, a
tube voltage of 80kV and a tube current of 70mA were used. The lower tube voltage
employed for this acquisition reflects the use of a paediatric MIBG imaging protocol, as

described in section 3.1.

The 12 illed Jaszczak phantom was acquired using the same energy window settings as
those defined in table 3.2 for the NEMA phantom acquisitions. The image matrix size used
was 238 x 238 and the reconstructed voxel size used was 2.46 x 2.46 x 2.46 mm?. For the
CT scan, a tube voltage of 120 kV and a tube current of 60 mA were used. These acquisi-
tion settings were identical to those used for acquisitions 2] _StarGuide_2 to 23] Star-
Guide_4, as these scans were performed to compare two methods for determining cali-

bration factors, as previously stated.

3.3.2 Symbia Pro.specta SPECT/CT

The 2] and *"Tc NEMA phantom acquisitions were performed using LEHR collima-
tors on each detector head of the Symbia Pro.specta SPECT/CT system. For 7’Lu, a
MELP* collimator was used, as recommended by the MIRD/EANM guidelines for imag-
ing the 208 keV photopeak, due to the lower septal penetration of the MELP collimator
[66]. The energy window settings used for each acquisition are summarised in table 3.3.
The number of views per detector head and the time per view used for each acquisition

are summarised in table 3.4.

Radionuclide Window Center [keV] Window Width

1231 159.00 15%
9om e 140.51 15%
177y 208.00 20%

Table 3.3: Energy window settings used for acquisitions on the Symbia Pro.specta
system.

For both %" Tc and 7 Lu acquisitions, an image matrix size of 128 x 128 and a voxel size

of 4.80 x 4.80 x 3.00 mm® were used. For the 23] acquisitions, the same matrix size was

*Medium Energy Low Penetration.
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ID Number of Views Time per View [s] Acquisition Time [s]
123] Symbia_1 60 15 900
PmTe Symbia_1 60 15 900
9mTe Symbia_2 60 5 300
77Lu_Symbia_1 60 15 900
177Lu_Symbia_2 60 5 300

Table 3.4: Symbia Pro.specta - acquisition settings used for each acquisition.

used, while the reconstructed voxel size was 2.34 x 2.34 x 3.00 mm®. Regarding the CT
scans, a 110kV tube voltage and tube currents of 50, 60, and 13mA were used for the
PmTe, 177Lu and 121 acquisitions, respectively, following the application of the acquisition

protocols currently used at IPO Porto for each radionuclide.

3.4. Image Reconstruction
3.4.1 StarGuide SPECT/CT

The StarGuide SPECT/CT system features an integrated web-based reconstruction plat-
form, SmartConsole, which supports two reconstruction algorithms: OSEM and Q.Clear.
In this study, StarGuide images were reconstructed using Q.Clear with RDP regulari-
sation. When Q.Clear is selected as the reconstruction algorithm in SmartConsole, a
panel displaying all available reconstruction settings is presented to the user. Through

this panel, the user can control:
e The number of iterations.
e The number of subsets.

e The values of the regularisation parameters, g and +.

e The implementation of corrections for image-degrading phenomena. In this case,

attenuation correction and scatter correction can be selected.

e The use of tail photons in the reconstruction process by activating the Use Tail op-

tion.
e The application of post-reconstruction filters.

e The use of the By Sens tool and Clarify DL.
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Regarding post-reconstruction processing, SmartConsole supports the application of But-
terworth, Hann, and Gaussian smoothing filters. Filters such as those mentioned above
are applied in the frequency domain of the data [72]. Butterworth and Hann filters are
low-pass filters that suppress high-frequency components while preserving low-frequency
information. The Butterworth filter is characterised by two parameters: the critical fre-
quency, above which the filter response begins to decrease towards zero, and the power,
which determines the steepness of this roll-off. The Hann filter defines a frequency win-
dow in which low frequencies are preserved with minimal attenuation, while the response
gradually decreases towards zero as the cut-off frequency is approached. The Gaussian
filter uses a Gaussian kernel to smooth the image and is characterised by the FWHM in

the transverse and axial directions [25, 72].

Additionally, SmartConsole allows the application of GE Healthcare’s edge-preservation
filter, known as Clarity 3D (C3D). This filter is described by GE Healthcare as an edge-
preserving filter with noise adaptation. The user can select the filter's power and may also

activate a contrast enhancement option, which was not used in this study [25].

SmartConsole also allows the activation of the By Sens tool. When this tool is used, the
value of f is weighted according to a sensitivity map derived from the CT-based attenua-

tion map of the examination being performed [23, 25].

Attenuation correction is applied using the CT-derived attenuation map. Scatter correc-
tion, when selected, is performed using either the DEW or the TEW method. For the
radionuclides considered in this study, the defined scatter windows are presented in table
3.5.

Radionuclide  Lower Scatter Window [keV] Upper Scatter Window [keV]

1231 131.00 £ 9% -
9ImTe 114.00 £+ 10% -
77Lu - 113 keV 93.50 £ 11% 133.00 £ 8%

Y71y - 208 keV 182.70 = 10% -

Table 3.5: StarGuide - scatter energy windows used for scatter correction.

Although not explored in this study, SmartConsole includes a deep-learning reconstruc-
tion tool for bone SPECT imaging named Clarify DL. Clarify DL is a deep learning-based
reconstruction method that is available in SmartConsole in addition to the existing recon-

struction algorithm (in this case, Q.Clear). The model is applied to reconstructed images
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at fixed intervals between image updates, with the interval defined by the user. At each in-
terval, the model generates a noise-reduced image, which is then blended with the current
reconstructed image. The blended image is subsequently used to continue the iterative

reconstruction process [73].

SmartConsole also allows the user to visualise acquisition data in list-mode. In list-mode,
the attributes of individual events, such as the energy deposited in the detectors, detector
position and angle, and other event-specific information, are stored together with the time
at which each event was recorded [74]. This enables post-acquisition reframing of the ac-
quired data, allowing multiple datasets with different acquisition durations to be generated

from a single acquisition.

In the following sections, the optimisation procedures performed for each radionuclide on

the StarGuide system are detailed.

3411 3]

Due to the availability of NEMA phantom data for 123] at IPO Porto at the beginning of this
study (acquisition dataset 23] _StarGuide_1), this radionuclide was chosen for the first
optimisation approach. As, at the time, there were no reconstruction parameters reported
in the literature for this radionuclide, this optimisation process was based on the recon-
structions already available in the IPO Porto database. As the novelty of Q.Clear, relative
to OSEM, lies precisely in the regularisation parameters  and «, it was decided that all
other reconstruction parameters would be kept constant in order to evaluate the impact of
regularisation on quantitative accuracy, noise, and overall image quality. The number of
iterations was kept at 40 and the number of subsets at 10, as these were the values typi-
cally used in the reconstruction protocols currently employed at IPO Porto for 123] imaging.
The B values considered were 0.01, 0.05, 0.1, 0.5, and 1, while the « values considered
were 0.1, 0.5, 1, and 3, resulting in a total of 20 distinct combinations of reconstruction

parameters (table 3.6). All images were subjected to attenuation and scatter correction,

B=001 B=005 B=01 p=05 p=1
1] 31 R1 ™5 R2 121 R3 1] R4 2] R5
5] 181 R6 2] R7 3] R8§ 2] R9 2] R10
1 | 2] R11 23] R12 2] R13 '2%] R14 %] R15
=3 | 2] R16 '] R17 '] R18 2] R19 '2)] R20

Table 3.6: Combinations of 8 and - used for the reconstruction of the 23] images.
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and tail photons were included in the reconstruction process. The edge-preservation filter
Clarity 3D was applied with a power of 0.01. The By Sens tool was also used. These pa-
rameters were employed because they were used in the basis reconstruction protocol for
which g and y were varied, which corresponded to the reconstruction protocol currently

used at IPO Porto for MIBG examinations.

Itis relevant to note that this first optimisation study allowed informed decisions to be made
during the optimisation of Q.Clear for " Tc and 1”7 Lu, as the impact of varying  and y was
already known. As such, the procedure followed for these radionuclides was as follows:
first, protocols used at IPO Porto and protocols reported in the literature were tested.
The resulting images were then analysed using the tools and procedures described in
section 3.5. Based on this analysis, the optimal reconstruction protocol was identified, and
efforts were made to improve the analysed image quality metrics through the fine-tuning of
the optimal protocol parameters, resulting in the development of additional reconstruction

protocols.

3.41.2 YT

The reconstruction protocols tested are summarised in table 3.7. The protocols are organ-
ised in chronological order of their application and/or conception. First, four reconstruction
protocols (**"Tc_R1 to *"Tc_R4) were tested. Protocols **"Tc_R1 and %" Tcg2 are pre-
sets available on SmartConsole and defined by GE Healthcare, known respectively as
NEMA Resolution and Bone Torso. The first set of reconstruction settings corresponds to
a manufacturer protocol that can be used for the reconstruction of images involving point
sources for the calculation of spatial resolution [22]. The second set of reconstruction
settings is also a manufacturer protocol that had been used at IPO Porto for bone SPECT
scans. As this protocol does not include scatter correction, a third protocol with identical
parameters but including scatter correction was also tested. This protocol was also used
by Zorz et al. [22] for the reconstruction of images of a similar NEMA phantom filled with
PmTc. Finally, another reconstruction protocol used at IPO Porto was tested, protocol

PmTc R4, known as General Tomo.

At this stage, to evaluate whether reframing the 15-minute acquisition into a 5-minute
dataset using list-mode resulted in performance comparable to that of a true 5-minute ac-

quisition, the Lister menu in SmartConsole was accessed for acquisition *"Tc_StarGuide 1,



FCUP | 39
Optimisation of quantitative SPECT/CT with a 360° CZT detector for 1221, " Tc and 177 Lu imaging

and a reframe into a 5-minute dataset was performed for reconstruction protocols *" Tc_ R2
and %" Tc_R3.

Following the quantitative analysis, protocol " Tc_R4 was selected for further fine-tuning,
as it generally presented higher recovery coefficients. At this stage, two actions were
considered. First, two additional g values, 0.05 and 0.1, were tested while keeping all
other reconstruction parameters unchanged. The choice of higher B values was based
on the analysis previously conducted for 23], which demonstrated that increasing this
parameter leads to an improvement in image signal-to-noise ratio, a desirable outcome

in this case (protocols *"*Tc_R5 and " Tc_Ré).

Additionally, the impact of the By Sens tool was evaluated, as this tool had not been in-
vestigated previously* and was included in protocol ®”Tc_R4, which was currently used
at IPO Porto. For this purpose, protocols " Tc_R4 to *°"Tc_R6 were repeated with
identical reconstruction parameters but with the By Sens tool disabled, resulting in pro-
tocols #""Tc_R7 to 2" Tc_R9. Attenuation correction was always applied and no post-

reconstruction filters were used.

Protocol Iterations Subsets v B C3D SC'T By Sens
9mTe_R1 10 8 2 0.0125 0.01 No OFF
PmTe_R2 10 10 2 1 No No OFF
PmTe_R3 10 10 2 1 No Yes OFF
PmTe R4 10 10 1.5 002 0.01 No ON
PmTe_R5 10 10 1.5 0.05 0.01 No ON
PMTe_R6 10 10 1.5 0.1 0.01 No ON
PmTe_R7 10 10 1.5 0.02 0.01 No OFF
PmTe_R8 10 10 1.5 0.05 0.01 No OFF
PmTe_R9 10 10 1.5 0.1 0.01 No OFF

Table 3.7: 92" Tc StarGuide reconstruction protocols.

3413 YLy

The reconstruction protocols tested are presented in table 3.8. Using the acquisition
datasets '7/Lu_StarGuide_1 and 77 Lu_StarGuide_2, four reconstruction protocols were
initially put to test (protocols ”/Lu_R1 to '7Lu_R4). The first one corresponded to the

optimised reconstruction protocol obtained by Danieli et al. in their 17 Lu quantitative

*Although the tool was used for 1231 reconstructions, no comparison between its use and non-use was
performed; ?°" Tc was therefore used for this evaluation.
TScatter Correction.
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imaging study using a NEMA phantom [23]. In this same study, the authors used a
factory-recommended protocol for comparison purposes, which was recreated in proto-
col 7Lu_R2. Protocol 77 Lu_R3 recreated the parameters used by Hoog et al. [21] for
771.u imaging on StarGuide, in their performance study of this equipment, using a cus-
tomised NEMA phantom. Finally, protocol 77 Lu_R4 is the one used at IPO Porto for 17" Lu
patient examinations. As shown in table 3.8, these reconstruction protocols establish pa-
rameters for two energy windows: one centred on the 113 keV peak and the other on the
208 keV peak. Both images can be reconstructed on the SmartConsole with a third image,
corresponding to voxel-wise average of these two also being created. In the first stage
of this optimisation procedure, only the averaged image was considered for quantitative

analysis.

From the quantitative analysis, it was noticed that protocol ””Lu_R2 presented, overall,
the highest recovery coefficients for the four smaller spheres, while protocol 17 Lu_R4 pre-
sented the highest recovery coefficients for the two biggest spheres (15-minute dataset).
Consequently, a closer look was taken upon this protocols, with the 113 keV and 208 keV
images being analysed for each protocol. From this analysis, it was noticed that, for
the mentioned spheres for each protocol, images 113 keV and 208 keV performed bet-
ter, in terms of recovery coefficients, for protocols ””Lu_R2 and 77 Lu_R4, respectively.
As such, a combined protocol was proposed - ”/Lu_R5 - using the settings of protocol
77Lu_R2 for the 113keV energy window and the settings of protocol ”/Lu_R4 for the
208 keV energy window. This combined protocol was applied to the acquisition dataset

177Lu_StarGuide_3.

As this combined protocol presented the best performance in terms of recovery coeffi-
cients but low signal-to-noise ratio values, an attempt to improve this last metric was con-
ducted, focusing on the 113 keV energy window, as this was the energy window for which
this metric was the lowest. Consequently, four additional protocols were tested, consid-
ering the following alterations to the 113 keV window: two other higher B values were
considered - 0.2 and 0.3, as, at the time, it was known that increases in g would improve
this metric (protocols 7/Lu_R6 and 7Lu_R7). Additionally, another protocol (protocol
771.u_R8), with a reduced number of iterations (10), was also tested, as reducing the
number of iterations in a iterative reconstruction method should, by nature, lead to a de-
crease in image noise [36, 37]. For these protocols, the edge-preservation filter Clarity 3D
was used with a power of 0.01, to match the 208 keV energy window. Additionally, to see

the influence of Clarity 3D, the combined protocol was repeated with equal parameters
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Protocol Peak lterations Subsets ¢ B C3D By SENS

177 113 keV 12 16 1 0.005 No OFF
Lu_R1

- 208 keV 12 16 1 0.005 No OFF

177 113 keV 20 10 1 0.08 No ON
Lu_R2

- 208 keV 20 10 1 008 No ON

1771, R3 113 keV 30 10 1 03 0.01 OFF

- 208 keV 20 10 1 0.008 0.01 OFF

177 113 keV 8 10 1 03 0.01 ON
Lu_R4

- 208 keV 8 10 1 0.02 0.01 ON

177 113 keV 20 10 1 0.08 No ON
Lu_R5

208 keV 8 10 1 0.02 0.01 ON

177 113 keV 20 10 1 02 0.01 ON
Lu_R6

208 keV 8 10 1 0.02 0.01 ON

177 113 keV 20 10 1 03 0.01 ON
Lu_R7

208 keV 8 10 1 0.02 0.01 ON

177 113 keV 10 10 1 0.08 0.01 ON
Lu_RS8

208 keV 8 10 1 0.02 0.01 ON

177 113 keV 20 10 1 0.08 0.01 ON
Lu_R9

208 keV 8 10 1 0.02 0.01 ON

Table 3.8: 77 Lu StarGuide reconstruction protocols.

but using Clarity 3D with a power of 0.01 for the 113 keV energy window (7 Lu_R9).

All protocols considered attenuation and scatter correction.

3.4.1.4 Jaszczak Phantom

The Jaszczak phantom acquisition data were reconstructed using protocol 2] _R13, sim-
ilarly to the NEMA phantom data (acquisitions 23] _StarGuide_2 to 12 _StarGuide_4) ac-
quired for the calibration factor study. This protocol was chosen because the quantitative

analysis deemed it to be one of the optimal reconstruction protocols for 122 imaging.

3.4.2 Symbia Pro.specta SPECT/CT

In the Symbia Pro.specta reconstruction station, the user can define the number of iter-
ations, the number of subsets, the corrections for image-degrading phenomena, and the
application of post-processing filters. Attenuation and scatter correction were applied us-
ing the same methods as in the StarGuide system. The scatter windows used for each

radionuclide are presented in table 3.9.
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Radionuclide Lower Scatter Window [keV] Upper Scatter Window [keV]

1231 123.125 £ 15% 182.816 £ 15%
2ImTe 119.434 +15% -
77 Lu 177.111 +10% 239.621 £ 10%

Table 3.9: Symbia Pro.specta - scatter energy windows used for scatter correction.

For Symbia Pro.specta images, the manufacturer's OSEM reconstruction algorithm was
used and the reconstruction settings were the ones routinely used at IPO Porto for each
given radionuclide (table 3.10). All images were subjected to a Gaussian smoothing filter,
as defined in IPO Porto clinical reconstruction protocols, characterised by the FWHM. All
images were subjected to attenuation correction based on the attenuation map derived
from the CT scans and to scatter correction, using the scatter energy windows presented

in table 3.9, was also applied.

Radionuclide Iterations Subsets FWHM [mm]

1237 18 4 10
9ImTe 24 4 10
77Lu 12 8 4

Table 3.10: Reconstruction parameters used for Symbia Pro.specta images for every
radionuclide.

3.5. Image Analysis

Image analysis was performed using MIM Software (GE Healthcare, version 7.3.4) and
Python (version 3.14). First, two quantitative analysis workflows were developed in MIM:
one to facilitate and accelerate the quantification of NEMA phantom images, and another
to enable rapid determination of background variability across different VOI volumes. Sec-
ond, using the data generated by these workflows, Python was used to determine recovery
coefficients, background variability, signal-to-noise ratio and percentage contrast recov-
ery coefficients of the NEMA images. These metrics were used to quantitively assess all
reconstructed images during the optimisation procedures and to compare the quantita-
tive performance of the SPECT systems under study. Finally, Jaszczak phantom images
were used in MIM to establish calibration factors, which were then compared with those

obtained from NEMA phantom images using an alternative method.
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3.5.1 MIM Software
3.5.1.1 NEMA Phantom

The QC - NEMA Phantom workflow, available in MIM Software, was developed to ac-
celerate the analysis of reconstructed images of the NEMA phantom. To use this work-
flow, the user must select a CT scan and a SPECT scan of the phantom. After selecting
the corresponding images and launching the workflow, the user is prompted to place a
VOI template on the SPECT scan. This template consists of a contour of the body of
the NEMA phantom (i.e. the main cylinder), six spheres corresponding to the spherical
inserts of the phantom, and twelve additional spheres to be placed in the phantom’s back-
ground. For simplicity, the first group of spheres will, subsequently, be referred to as the
NEMA spheres. After confirming the placement of the VOI template, the user can indi-
vidually adjust each sphere to better match the SPECT scan. Once the placement of all
structures is finalised and confirmed, the software generates six additional VOls, corre-
sponding to the application of a 50% count threshold to each NEMA sphere VOI. When
this process is completed, a table containing statistical information on the counts of each
VOl is displayed. In this study, the described workflow was adapted to enable conversion
from counts to activity concentration (Bg/MI), allowing statistical data to be presented

and stored in this format without the need for a separate software tool.

Two new VOI templates were created to replace the original workflow template: the NEMA
spheres template and the background spheres template. The NEMA spheres template
consists of a contour of the main cylinder, which facilitates template positioning, and six
spheres matching the spherical inserts (figure 3.5A). These spheres were drawn to match
the internal diameters of the NEMA spheres using the CT axial slice where they appeared
to be the widest. The vertical positioning of the spheres within the phantom was further
verified using the coronal and sagittal views. The background template consists of a con-
tour of the main cylinder, ten spheres with a volume of 51.0 m/, and six additional spheres
identical to the NEMA spheres. The ten spheres were evenly distributed within the back-
ground region of the phantom, using the CT scan for guidance, and positioned away from
both the spherical inserts and the phantom walls (figure 3.5C). The remaining six spheres
were placed adjacent to each corresponding NEMA sphere, in the same plane used to
define the NEMA spheres (figure 3.5B). For simplicity the ten spheres are hereafter re-
ferred to as the background spheres, while the remaining spheres in the background

template are referred to as the clone spheres. The clone spheres, matching the volume
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of the NEMA spheres, were placed in the background region to estimate the background

contribution within an equivalent volume for each NEMA sphere.

Figure 3.5: VOI templates used in the developed workflow: NEMA spheres template
(A), background spheres template composed of the clone spheres (B), and the ten
spheres used to determine the calibration factor (C). Panel (D) shows both templates
after confirming sphere positioning and making individual adjustments to better match
the CT scan.

As two SPECT/CT systems were studied and three radionuclides were used, the proce-
dure described above was repeated for each system-radionuclide combination, since the

CT scan differs for each case. Consequently, six separate workflows were generated.

The replacement of the original VOI template with the two new ones allowed more infor-
mation to be extracted from the same SPECT scan, in counts. To convert the SPECT
scan units from counts to activity concentration (Bq/ml), MIM’s conversion algorithm,
Z-Launch Convert to Bqg/ml, was integrated into the workflow. The unit conversation op-

eration, from counts, C, to activity concentration, AC, is given by:

C

AC= V< CE

(3.2)

where T is the acquisition time, V is the reconstructed voxel volume and CF is the cali-
bration factor. V is automatically retrieved by MIM from the DICOM header of the SPECT

scan. The acquisition time can also be automatically extracted from the DICOM header
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and is computed as:

T = NFR X TF X ND (33)

where Nrr is the number of frames in rotation, Tr is the actual frame duration and Np, is the
number of detectors. This expression is only valid for Symbia Pro.specta acquisitions, as
tests with the StarGuide system showed that equation 3.3 leads to an incorrect estimation
of the acquisition time for this system. Therefore, for StarGuide’s workflows the acquisition
time used in equation 3.2 is provided as a user input (figure 3.6A). Consequently, after
confirming the placement of the VOI templates, the user is prompted via an input window
to enter the acquisition time. In MIM’s conversion algorithm, the calibration factor is also
provided as a user input. To eliminate this step, the determination of the calibration factor
was integrated into the workflow, with the resulting value being automatically fed into
MIM’s conversion algorithm. To determine the calibration factor, the background spheres
were used. The calibration factor was calculated as:

cP—__C86 (3.4)
Vg Xcgg X T

where cp¢ is the activity concentration within the phantom background, Cpg is the average
total counts over the ten background spheres, and V. is the average volume of the back-
ground spheres. The background spheres were drawn with identical volumes on the CT
scan using MIM’s 3D contouring tool. However, as the relevant information is contained in
the SPECT images, the contours are transferred by the software to the SPECT scan. Due
to the difference in resolution between the CT and SPECT scans, MIM software automat-
ically adapts the spheres diameter to better match the SPECT images, sightly changing
their volume in the process. Consequently, the average volume of the ten background
spheres was used to calculate the calibration factor. The background activity concentra-
tion was implemented as a user input for both SPECT/CT systems, in the same manner
as the acquisition time for the StarGuide system. For Symbia Pro.specta, an additional
step was included in the developed workflows. The system automatically retrieves the
pixel size factor from the DICOM header and divides the image counts by this factor. In
contrast to the StarGuide system, where the pixel size factor is defined by the user prior
to acquisition, and was set to 1 for all acquisitions considered in this study, the Symbia
Pro.specta system automatically defines this factor to compensate, for example, for low
statistics. Therefore, it is necessary to correct the image counts by dividing them by this

factor prior to quantification.

When the placement of the VOI templates is confirmed and all user inputs are completed,
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Figure 3.6: Final disposition of the VOI templates after transfer to the SPECT images.
Panel A shows the window used to input the acquisition time for StarGuide workflows.
A similar window appears for inputting the background activity concentration. Panel B
shows the quantitative reconstruction obtained after all confirmations and inputs have
been completed.

MIM generates a SPECT reconstruction in units of activity concentration (Bg/ml), includ-
ing the six additional threshold VOls described above. The software automatically saves a
CSV file to a user-defined location containing the following information: total activity within
each VOI (Bg), maximum and mean activity concentration within each VOI (Bq/ml), the
standard deviation of the mean activity concentration within each VOI (Bg/ml), and the
volume of each VOI (ml). A PDF report is also automatically saved to the selected folder,
containing the calibration factor and the parameters used for its determination, defined in
equation 3.4. Two tables are included: one reporting the total number of counts within the
NEMA spheres and other reporting the total number of counts within the clone spheres
are also presented. Finally, graphs showing the average number of counts for the back-

ground spheres and for the NEMA spheres are also included.

3.5.1.2 Retrieval of Background Variability Data

The background variability (BV) measures the variation of VOI means over multiple VOls
[75]. In this study, it was used as a measure of image noise and was computed, in per-

centage, as:

1 K -
T ke (Ck - 0)2
py — VK1 k; % 100% (3.5)

where K is a predefined number of VOls, ¢ is the average of the mean activity concentra-
tion across all considered VOls, and ¢ is the mean activity concentration of VOI k [75]. In

this study, the background variability was determined for five sets of 25 identical spherical
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VOls, with each set corresponding to a different VOI volume. The VOI volumes consid-
ered were 100, 50, 26.5, 2.6, and 0.5 ml, with the last three corresponding to the volumes
of the largest, third smallest and smallest NEMA spheres, respectively. To accelerate the
data retrieval for each VOI set, the previously described workflow VOI templates were
changed to a VOI template containing the 25 spherical VOIs for each volume considered.
The VOIs were evenly distributed near the bottom of the phantom, in the central back-
ground region of the phantom, and above the NEMA spheres (figure 3.7). In total, since
five VOI sets were considered, five BV workflows were defined, thereby simplifying data

acquisition for this calculation.

Figure 3.7: VOI template used for retrieving the data needed to compute background
variability for the 2.6 ml volume VOI set. The configuration shown in panel A is repeated
at the bottom and in the middle of the phantom, accounting for 20 of the VOlIs
considered. Panel B shows the placement of the remaining VOls, located above the
NEMA spheres.

3.5.2 Quantitative Analysis

The images were quantitatively assessed using the following metrics: recovery coeffi-

cients, background variability, signal-to-noise ratio, and contrast recovery coefficients.

3.5.2.1 Recovery Coefficients

For a given NEMA sphere, the associated recovery coefficient (RC) was computed as
[53]:

A d
RC = measure )
¢ Atrue (3 6)

where A,,..sured 1S the activity within the considered VOI estimated from the SPECT image,
and A represents the known activity in the considered spherical insert, obtained by
multiplying the VOI volume by the NEMA spheres’ activity concentration at the time of

image acquisition. For a given NEMA sphere, A,,..su7.4 Was obtained by subtracting the
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total activity estimated in the corresponding clone sphere, A_,,.., from the total activity
estimated in the NEMA sphere, Anema: Ameasured = ANEMA — Aclone- 1HiS approach was

used to reduce background contributions.

3.5.2.2 Background Variability

The background variability was determined using equation 3.5 for all sets of VOIs defined.

3.5.2.3 Signal-to-Noise Ratio

For each NEMA sphere, the signal-to-noise ratio (SNR) was computed as the difference
between the mean activity concentration in that sphere, ¢y, and the mean activity con-
centration in the corresponding clone sphere, ¢.;.,., relative to the standard deviation of
background clone sphere VOI, SD,;,,. [76]:

Esphere — Cclone
SNR = —————— 3.7
SDclone ( )

3.5.2.4 Contrast Recovery Coefficients

For each NEMA sphere, the contrast percentage recovery, Qg, was determined as:
Csphere

Qy = e 5 100% (3.8)

Asphere

Aclone

where cspnere @nd ceione correspond to the mean activity concentrations™ in the NEMA
sphere and the corresponding background sphere, respectively, and agpnere aNd dgione are
the activity concentrations in those spheres (i.e. the ones used to fill the NEMA spheres

and the background, respectively) [77].

3.5.2.5 Calibration Factor

The analysis described previously was performed using quantitative reconstructions based
on the calibration factor determined by the developed workflow using equation 3.3. This
calibration factor was obtained using ten spherical VOlIs evenly distributed throughout the
background region of the NEMA phantom. The procedure recommended by the EANM

quantitative SPECT guidelines involves acquiring a large, uniformly filled phantom, such

*Typically, mean counts within the VOlIs are used. However, the developed workflow provides mean
activity concentration within each VOI instead. Since conversion from mean activity concentration to mean
counts would require multiplying both terms by the same factor (CF x Vy,o; x T), this factor cancels out.
Therefore, mean activity concentrations were used.
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as the Jaszczak phantom, reconstructing and correcting the images using the same pa-
rameters applied to patient or NEMA phantom acquisitions, and performing volumetric
measures [48]. The approach used in this study accelerated the quantification process,
as no additional acquisitions were required to determine the calibration factor, which was
computed directly from the NEMA phantom data. Consequently, multiple reconstruction
parameters could be evaluated, as there was no need to acquire and reconstruct a sep-
arate phantom dataset under the same conditions as the NEMA phantom. To compare
these two methods, as described in section 3.2, three acquisitions of 5, 10, and 15 minutes
using a 123I-filled Jasckzack phantom were performed and compared to three correspond-
ing NEMA phantom acquisitions, with identical acquisition times. For the NEMA phantom,
the calibration factor was computed by the quantification workflow, using equation 3.3. For
the Jasckzack phantom, a large spherical VOI, defined on the CT scan with a volume of
2560 ml, was positioned inside the phantom (figure 3.8). The calibration factor was then

determined as:
C

F =
¢ AXxT

(3.9)

where C is the number of counts within the VOI, A is the activity within the VOI, calculated
as the product of the VOI volume and the activity concentration that filled the phantom at

the time of image acquisition, and T is the acquisition time.

Figure 3.8: Fusion image of the Jaszczak phantom showing the VOI used to determine
the calibration factor in MIM Software.
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4. Results and Discussion

Following the optimisation strategy detailed in chapter 3, the findings of this study will be
presented in the following manner: the first three sections of this chapter are dedicated to
the results obtained for each radionuclide studied and corresponding Q.Clear parameters
and tools used, in the chronological order in which they were obtained. Accordingly, the
results for 1231 will be presented and discussed first, followed by *"Tc and finally by 77 Lu.
In the last section, a comparison between the results for each isotope is established and
a global overview of this study is conducted. Unless stated otherwise, all data analysis

was conducted using Python.

41. 2]

4.1.1 Optimisation of Q.Clear Reconstruction Parameters

As stated previously, the 23] StarGuide 1 dataset was reconstructed 20 different times,
using the Q.Clear algorithm with RDP regularisation, considering 40 iterations, 10 subsets
and all possible combinations of the following values for g and y: g = 0.01,0.05,0.1,0.5,1
and v = 0.1,0.5,1, 3. For each reconstruction protocol, the RC, BV, SNR and Qg values
were determined. The values obtained were grouped into two major datasets per metric:
one containing the values obtained when fixing o and varying g and the other containing
the values obtained when fixing B and varying . Consequently, figures 4.1, 4.2, 4.3 and
4.5 present the relationship between  and the corresponding metrics (panel A) and the
relationship between ¢ and the same metrics (panel B). In figure 4.6, a grid containing the

NEMA phantom slices corresponding to each reconstruction protocol is presented.

In figure 4.1A, it is possible to see that the RC values decrease as f increases, regardless
of the volume of the NEMA spheres. This is consistent with the expected behaviour of
a penalised-likelihood reconstruction algorithm such as Q.Clear. As the penalty strength
increases, image noise is reduced and the image becomes smoother, since differences
between neighbouring voxels are more strongly penalised. Consequently, regions with
high activity concentrations are suppressed, and the boundaries between the spheres
(regions of high activity concentration) and the background (a region of low activity con-
centration) become progressively smoother as the algorithm seeks a reconstruction with

less abrupt transitions between neighbouring regions. This effect is observable in figure



FCUP | 51
Optimisation of quantitative SPECT/CT with a 360° CZT detector for 1221, " Tc and 177 Lu imaging

4.6, where it is clear that, as  increases, the sphere boundaries become less well defined
due to the redistribution of activity across the edges. As a result, the area surrounding
each sphere becomes more blurred and darker as one moves down each column of the
slice grid. Consequently, because the VOI positions are fixed, the total activity contained

within each VOI decreases, leading to lower recovery coefficients.

This same principle underlies the decrease in the contrast recovery coefficients as g in-
creases, as observed in figure 4.5A. As the image becomes smoother, the spheres and
the background become less distinguishable. This effect is most pronounced for the small-
est sphere (0.5 ml), as it is more susceptible to boundary smoothing and spill-out effects
due to occupying a smaller number of voxels in the image. As shown in figure 4.6, for
B > 0.5, this sphere becomes almost completely blended into the background. Hence,
to achieve a recovery of at least 0.2 and a contrast recovery percentage of at least 10%
for the smallest sphere, ensuring its detectability and visibility in the images, B values

between 0.01 and 0.1 should be considered.

For the smallest spherical VOI sets used to assess image noise (0.5 m! and 2.6 ml), the BV
decreases as f3 increases, as expected due to the increased noise suppression inherent
to the reconstruction algorithm (figure 4.2A). In contrast, for VOI sets with volumes greater
than or equal to 26.5 ml, the background variability remained relatively constant for each
B value, at approximately 10%. As these VOls contain a larger number of voxels, voxel-
to-voxel variations tend to average out, making the mean activity concentration and the
associated standard deviation less sensitive to changes in the reconstruction parameters,
which could explain this behaviour. To reduce noise potentially affecting the smallest VOlIs

(0.5ml and 2.6 ml), 5 should be kept above 0.01 to avoid BV values exceeding 20%.

Excluding the 0.5 m! sphere, the SNR generally increases as £ increases, although differ-
ent behaviours are observed for § > 0.5, depending on the volume of the sphere analysed
(figure 4.3A). The SNR of the 26.5 ml sphere increases with B, reaching its maximum value
at B = 1. This suggests that, despite the loss of signal due to smoothing (as reflected by
the decreases in the RC and Qy values), this effect is not dominant, and the reduction in
background noise leads to an overall increase in SNR. For the 2.6 ml and 5.6 ml spheres,
a similar increasing trend is observed, although it is less pronounced for the latter. For the
11.5ml ml sphere, the same general trend is observed, except for a decrease at § = 1.
The 1.2ml sphere presents the highest SNR values across all volumes for g < 0.1, with

SNR further increasing at p = 0.5 and decreasing again at p = 1. The reduction at
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Figure 4.1: Relationship between  and recovery coefficients (A) and between y and
recovery coefficients (B) for all six NEMA spheres for 123].

B = 1 is consistent with the observations in figure 4.6, where this sphere (top one) be-
comes less distinguishable from the background, indicating that at higher g values, noise
reduction in the background is no longer sufficient to compensate for signal loss in this
volume. The 0.5ml sphere becomes increasingly blended into the background as f in-
creases, reaching the lowest SNR values observed. As the behaviour of this metric does
not follow a consistent trend across sphere sizes, further investigation using intermediate
B values could be useful to determine whether Q.Clear preferentially optimises certain
lesion sizes. Additionally, the position of the clone spheres (figure 4.4), used to estimate
background mean activity concentration and standard deviation, may have biased the re-
sults, as some background regions may systematically present higher or lower values.
Repeating the analysis with alternative background VOI placements could therefore alter
the observed trends. For optimisation purposes, the p value should be kept below 0.5 to

avoid the effects observed at higher values in some spheres and to achieve SNR values
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Figure 4.2: Relationship between § and background variability (A) and between  and
background variability (B) for 123] for all VOI sets considered.

above 10 for the smallest sphere.

Choosing the optimal p parameter relies on achieving a balance between quantitative ac-
curacy and noise. Considering primarily the detectability of the smallest sphere,  values
below 0.5 ensure the highest RC and Qpy values, whilst still offering acceptable values for
the other volumes - always above 0.4 and 30%, respectively. Visually, this also ensures
that all spheres can be easily distinguished in the SPECT images. As the lowest SNR
and the highest BV values were typically obtained for g = 0.01, this value should also be

avoided. Consequently, the optimal B range can be considered between 0.05 and 1.

Regarding the edge-preservation parameter, <, it can be observed that the evaluated
metrics remain practically unchanged as < varies (figures 4.1B, 4.2B, 4.3B and 4.5B).
Visually, no significant differences could be found between reconstructions with the same

B value when moving along each row of the slice grid in figure 4.6. Itis relevant, however,
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Figure 4.4: Position of the clone spheres relative to the NEMA spheres in MIM Software.
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Figure 4.5: Relationship between  and contrast recovery coefficients (A) and between
v and contrast recovery coefficients (B) for all six NEMA spheres for 123].

to note that for the same g, the highest RC and Qpy values were generally obtained for
v = 3, which is consistent with a higher degree of edge-preservation in the images,
reducing blurring at the boundaries of the spheres and preserving more of the true activity
within the VOI borders (red curves in figures 4.1A and 4.5A). Conversely, the lowest values
were observed for o+ = 0.1, as seen in the blue curves in the same figures. A slight
increase in BV was observed for the smallest spheres when transitioning from v = 1 to
v = 3, while the lowest value of this metric was obtained for v = 1 (figure 4.2B). In figure
4.3B, an increasing tendency is observed for the 1.2 ml sphere when fixing g = 0.5. As this
behaviour is only observed for this sphere- combination, further investigation involving

additional -y values could help determine its cause.

Considering the previous analysis, a reasonable compromise between quantification ac-
curacy and image noise can be achieved using intermediate «y values between 0.5 and 1,

thereby excluding the < values leading to the lowest RC and Qg values (y = 0.01) and to
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Figure 4.6: Axial views of the NEMA phantom reconstructed using Q.Clear and using
the different v and 8 combinations.

punctual increases (7 = 3) in noise, while limiting - to the value at which the lowest BV

was observed (y = 1).

Hence, the optimal g and oy combination was defined as g between 0.05 and 0.1, and vy be-
tween 0.5 and 1, for the best possible agreement between noise control and quantification
accuracy. The reconstruction protocols corresponding to the combinations of the optimal
regularisation parameters - '21_R7 (B = 0.05; v = 0.5), ?*I_R8 (B = 0.1, v = 0.5),
1] R12 (B =0.05; v = 1) and '2]_R13 (8 = 0.1; v = 1) - were consequently compared
with the OSEM reconstruction obtained for Symbia Pro.specta, thereby comparing the
quantitative performance of both systems and reconstruction algorithms. The results of

this comparison are presented next.

4.1.2 Quantitative Performance - StarGuide and Symbia Pro.specta

Figure 4.7 presents axial slices of the NEMA phantom reconstructed using the optimal

and y combinations, compared with the Symbia Pro.specta OSEM reconstruction. Figure
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4.8 compares RC, BV, SNR and Qp across the different reconstruction settings®.

123) Ry 123) Rg

123] R12 123] R13

123|_ Symbia

Figure 4.7: Axial views of the NEMA phantom reconstructed using the four optimal
Q.Clear settings and using OSEM (Symbia Pro.specta) for 1237.

Regarding figure 4.7, it is visible that the phantom background is smoother and more
uniform for the OSEM reconstruction. Comparing the StarGuide reconstructions, it is
also possible to observe that, although only slightly, the background appears smoother
and less grainy for protocols 12I_R8 and 23]_R13, which is consistent with the higher
value (0.1) and, consequently, a higher degree of smoothing. The smallest NEMA sphere
(0.5ml) is identifiable in all StarGuide protocols, while it is barely visible in the OSEM
reconstruction. These findings are consistent with the obtained metrics. In fact, all Star-
Guide reconstructions showed an RC above 0.1 and a Qy of at least 10% for the 0.5m!

sphere, whereas the Symbia protocol achieved values of 0.07 and 4%, respectively. As a

*1t can be seen in this figure, as well as in similar figures throughout this section, that some data points do
not have exactly the same x-coordinates, despite these corresponding to the NEMA sphere volumes. This
is because, as described in section 3.5 of chapter 3, MIM Software slightly adjusts the VOI boundaries when
transferring the VOIs from the CT images to the SPECT images due to the different voxel sizes and image
matrix sizes of the two modalities, resulting in small variations in the reported VOI volumes. Consequently,
although identical VOI templates were defined for each radionuclide, the effective volumes measured in the
SPECT images differ slightly. As minor differences in VOI positioning between datasets are also unavoid-
able, these volume variations are not identical across acquisitions, leading to the small differences in the
x-coordinates observed in the figures.
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result, with regard to the detectability of the smallest sphere, the StarGuide protocols are

preferred.
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Figure 4.8: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained using the
optimal reconstruction parameters on the StarGuide system and those obtained on the
Symbia Pro.specta system for 123].

Regarding the noise-related metrics, the OSEM reconstruction generally outperformed
the StarGuide reconstructions, with BV stabilizing below 6% for the larger sphere vol-
umes (whereas for StarGuide it stabilizes around 10%) and SNR consistently exceeding
35 for all spheres except the 0.5 ml sphere. Consequently, while StarGuide offered bet-
ter quantification accuracy as measured by RC and Qy, the results indicate that further

improvements in noise control are still needed.

Observing figure 4.8A, itis possible to see a drop in the RC values from the 1.2 m! sphere
to the 2.6 ml sphere. This was unexpected, as RC values typically increase with sphere
volume due to the mitigation of partial volume effects that occurs as volume increases.
Additionally, all StarGuide protocols showed a peak in SNR for the 1.2ml sphere, indi-
cating an unexpectedly high signal. Looking at panel B of figure 4.8, it is possible to see
that the level of noise in the images is similar, making this behaviour difficult to attribute

to differences in image noise. To investigate the possible causes of this behaviour, which
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was observed for all StarGuide reconstructions, an additional image was reconstructed
from the 2] StarGuide_2 acquisition dataset using protocol 122] R13 - reconstruction
1231 R13 1. The RC and SNR results obtained for this dataset are presented in figure
4.9. Although the same reconstruction protocol was used, lower RC values were ob-
tained. However, neither the drop in RC values observed in the previous results nor the
peak in SNR was present. Although no definitive explanation for these observations could
be identified, it is possible that the high-energy photon emissions of 23] compromised the
quantitative accuracy of the images. In particular, septal penetration and scatter may not
have been fully accounted for by the reconstruction algorithm, potentially contributing to

the observed effects.

Nevertheless, the general behaviour of the findings is consistent with the previous analysis
of the g effects on the image metrics. In fact, itis possible to see that the StarGuide results
are organised into two pairs consistently across all graphs: the g = 0.05 pair (blue and
green curves) and the g = 0.1 pair (orange and red curves). The B = 0.05 group shows
higher RC and Qg values, consistent with less regularisation and smoothing. The g = 0.1
group shows, in general, higher SNR values and, for the smallest spheres, lower BV
values, in accordance with more effective noise suppression. The exception is the SNR
value for the 0.5ml sphere, which is the lowest for B = 0.1, consistent with increased
sensitivity of small volumes to smoothing effects, as they occupy fewer voxels and are

more affected by partial volume effects.

The reconstruction protocol 1231 _R13* was selected for further comparison with the Sym-
bia reconstruction by attempting to model the RC values using the model proposed by
[78], in an EANM guidelines paper: a two-parameter (b; and b,, to be determined by the

fit) logistic function, given by:

RC(0) =1— — (4.1)

by
1+ (i)
The coefficients of determination (R?) were calculated to compare the proximity of each re-
construction to the model, with the OSEM reconstruction showing a better fit (R = 0.919)
compared to the StarGuide reconstruction (R = 0.820), primarily due to the unexpected

oscillatory behaviour exhibited by the StarGuide RC data.

*This protocol was chosen as it presented, in general, higher SNR values compared to the other Star-
Guide reconstructions, while still providing, in general, higher quantification accuracy than the OSEM recon-
struction.
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Figure 4.9: Recovery coefficients (A) and signal-to-noise ratio (B) obtained for protocol
1231 R13 and for the repetition of this protocol applied to acquisition dataset
123] StarGuide_2.
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Figure 4.10: Recovery coefficient curves obtained by fitting the EANM model to the
StarGuide ?3]_R13 data (A) and the Symbia Pro.specta data (B). The dotted red lines
represent the lower and upper limits of the 95% confidence band for the fitted function.

Finally, an analysis of the cross-sectional activity profile for the 26.5 mI NEMA sphere was
conducted for both reconstructions (figure 4.12). As seen in this figure, all profiles ap-
pear to converge to a non-zero activity concentration value, reflecting the fact that the
background of the NEMA phantom was also filled with activity. Regarding the shape of
the profiles, the StarGuide reconstructions are again paired according to 8 values. At
the centre of the sphere, the shape of the p = 0.05 pair profiles reflects a reconstruction
artefact observed for these reconstructions, in which the activity concentration was re-
duced at the centre of the sphere. This is consistent with the appearance of a spherical
shell, known as a Gibbs-like artefact, where the activity is pushed towards the edges of
the sphere, forming a spherical shell [23] (figure 4.11). All StarGuide profiles are broader
than the Symbia profile, and the transition between the sphere edges and the background

is generally smooth, reflecting the effects of smoothing at the edges and activity spill-out.
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Figure 4.11: Reconstruction 23] _R7 displayed with a different colour scale to highlight
the artefact observed in the largest sphere.

The profiles were fitted to a Gaussian function, and the FWHM* was computed for each
profile. The results are presented in table 4.1. The FWHM obtained is lower for the OSEM

reconstruction, reflecting the narrower profile observed in figure 4.12.
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Figure 4.12: Cross-sections through the largest sphere obtained using the optimal
reconstruction parameters for the StarGuide and Symbia Pro.specta systems (right).
The black step function represents the ideal activity concentration profile for StarGuide
and the dashed black line represents the ideal profile for Symbia. On the left, the red
circles indicate the physical boundaries of the spheres according to the phantom
datasheet, while the blue line indicates the location of the cross-section. The 23] R13
StarGuide image was used as the reference image for the illustration.

(o

*The Gaussian function is given by f(x) = Aexp (—(x;;)z) + C. The FWHM was computed as

2v/2In20, and the associated uncertainty was obtained through uncertainty propagation as 2v/21In2 Ao,
where Ac is the uncertainty associated with o given by the fit parameters [3].
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Protocol FWHM [mm]
1231 R7 29.90 4+ 0.96
1231 RS 29.12 +0.65
1231 R12 29.98 +1.00
1231 R13 29.28 +0.70
1231 Symbia 27.27 +0.12

Table 4.1: FWHM obtained for the 13T profiles.

4.1.3 Calibration Factor

Figure 4.15 compares the calibration factors obtained using the two methods described
in section 3.5.2 of chapter 3, for the three acquisition times considered. The Jaszczak
phantom method (orange bars - Jaszczak_1) systematically yielded higher calibration
factors than the NEMA phantom method (blue bars). The maximum absolute relative
difference between these methods was 9.2% for the 5-minute acquisitions, followed by

7.6% for the 10-minute acquisitions and, finally, by 7.0% for the 15-minute acquisitions.

CFnEMmA 7CF]aszczuk

F x 100% for each acquisition time. The
Jaszczak

This parameter was computed as
Jaszczak calibration factors were used as the reference values as they were obtained

using the method suggested by EANM guidelines for quantitative SPECT [48].
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Figure 4.13: Comparison of calibration factors across acquisition times for the NEMA

and Jaszczak phantoms.

To explore the tendency for systematically higher calibration factors in the Jaszczak phan-

tom, the NEMA method was replicated on the cylindrical phantom. 10 spherical VOIs with
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a volume of 51 ml were evenly distributed throughout the Jaszczak phantom, and the cal-
ibration factor was computed using equation 3.4. The results (green bars - Jaszczak_10)
show that, while there is high consistency between the values obtained for the Jaszczak
phantom, the calibration factors remain systematically higher than those obtained using
the NEMA method (5 minutes: 9.4%; 10 minutes: 6.8%; 15 minutes: 6.9%). Consequently,
to investigate whether the position of the background spheres used to determine the cal-
ibration factor for the NEMA phantom influenced the obtained values, the calibration fac-
tors were once again determined using the NEMA workflow for the 15-minute acquisition,
considering six different positions for the background spheres template (figure 4.14). Po-
sitions 1 to 3 are presented in figure 4.14. Positions 4 to 6 correspond, respectively, to the
same configurations, but with the spheres placed in a plane above, closer to the NEMA

spheres.

Figure 4.14: From the left to the right, positions 1, 2 and 3 used for the calibration factor
determination, using the NEMA workflow. Positions 4, 5 and 6 have the same sphere
placement but are vertically closer to the NEMA spheres.

The results show that reducing the distance between the background spheres and the
NEMA spheres increased the calibration factor value and reduced the difference between
methods to a minimum of 2.3% (position 6). Considering all six positions, the average
calibration factor was 2637.5 & 46.5cps/MBgq, and the absolute relative difference with

respect to the Jaszczak phantom was 4.7%.

By placing the background spheres closer to the NEMA spheres, it is possible that more
counts are contained within the background VOls, primarily due to scattered photons orig-
inating from the NEMA spheres, which could increase the measured background contri-
bution and, consequently, the calibration factor. These findings reveal that, although the
original method did not exceed a 10% difference relative to the Jaszczak approach (15-
minute acquisition), the position of the background spheres has a non-negligible influence

on the calibration factor calculation and may partially explain the systematic differences



FCUP | 64
Optimisation of quantitative SPECT/CT with a 360° CZT detector for 1231, " Tc and 177 Lu imaging

2500 -
1500 4
1000
500
0

Position_1 Position_2  Position_3  Position_4 Position_5  Position_6
Configurations

8
8

Calibration Factor [cps/MBg]

Figure 4.15: Comparison of calibration factors for the six background spheres
attempted using the NEMA workflow. The orange dashed line represents the calibration
factor obtained for the 10 VOI method using the Jaszczak phantom.

observed between methods. Therefore, several sphere configurations, or a larger number
of VOlIs, should be considered to obtain a more representative description of the back-

ground activity distribution.

For the NEMA method, considering the 15-minute acquisition as reference, an absolute
relative difference of 3.3% and of 2.4% was obtained for the 5-minute and 10-minute acqui-
sition, respectively. For the Jaszczak phantom, considering the Jaszczak_1 data, these
differences were 1.7% and 0.2%, respectively. The low absolute relative differences, all
below 4% regardless of the calculation method, suggest that the calibration factor is largely
insensitive to variations in acquisition time, with the Jaszczak approach further reducing

this dependence.

4.2. PmTe

4.2.1 Optimisation of Q.Clear Reconstruction Parameters

In figure 4.16, the results obtained for RC, BV, SNR and Qg values are presented for
the first four protocols tested. While the same colour represents the same reconstruction
settings, the solid lines represent the data obtained for the 15-minute acquisition and the
dashed lines the 5-minute acquisition. As stated previously, the reconstruction protocols
PmTe R1, "Tc_R2, %"Tc_R3 and " Tc_R4 were assessed to select the protocol that
would undergo fine-tuning. During this stage of the optimisation procedure, the main goal

was to maximise the RC values. Consequently, even though all metrics were determined
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and assessed, the protocol chosen for the next optimisation stage was protocol *""Tc_R4,
as it guaranteed the highest RC values of the tested group. In particular, when applied to

the 5-minute acquisition dataset, this protocol surpassed the 15-minute values obtained

for the other settings.
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Figure 4.16: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained using the first
four reconstruction protocols tested on StarGuide between the 15-minute acquisition
(solid lines) and the 5-minute acquisition (dashed lines) for *" Tc.

Regarding the differences in acquisition time, for the same protocol, it is noticeable that
the 15-minute acquisition generally yields higher recovery coefficients and signal-to-noise
ratio. The Qg values were similar for both acquisition times. Regarding BV, protocols
PmTe R1 and %" Tc_R4 exhibited higher values for the 5-minute acquisition. This is in

line with what is expected from Poisson count statistics, as 5-minute acquisitions acquire
1

VN
[3]. Protocols #"Tc_2 and " Tc_R4, which only differed in the use of scatter correction,

fewer counts (N), and Poisson relative image noise is approximately proportional to

do not follow this trend. However, as only protocol " Tc_R4 was further evaluated, fur-
ther investigation would be required to fully characterise the behaviour of the remaining
settings. Based on this results, and considering protocol *"Tc_R4 was the one selected

for fine-tuning, the following analysis focus on the 15-minute acquisition dataset.
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As shown in figure 4.16C, protocol " Tc_R4 exhibited low SNR values. Consequently, the
primary objective of the fine-tuning phase was to improve this metric. This was achieved
by increasing the p parameter, based on the insights gained from the '2°] study. Figure
4.17 presents the results for the two tested g values (0.05 and 0.1). As observed in panels
A and D, increasing B generally results in lower RC and Qg values, consistent with in-
creased regularisation strength and image smoothing. Regarding noise metrics, BV was

lowest and SNR was highest for § = 0.1, indicating improved noise suppression.

Considering the above analysis, protocol " Tc_R5 was chosen as the optimal protocol, as
it substantially increased the SNR (58% increase for the largest sphere) when compared
to 9" Tc_R4, while presenting intermediate values for the recovery and contrast recovery
coefficients.
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Figure 4.17: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained using three
different g values: 0.02 (**"Tc_R4), 0.05 (**"Tc_R5) and 0.1 (**"*Tc_R6)).

4.2.2 Quantitative Performance - StarGuide and Symbia Pro.specta

Figure 4.18 presents the comparison between StarGuide’s optimal protocol and Symbia’s
reconstruction for all considered metrics for the 15-minute acquisitions. The correspond-

ing axial slices for each protocol are shown in figure 4.20. Visually, both reconstructions
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Figure 4.18: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained using the
optimal reconstruction settings and Symbia Pro.specta for " Tc - 15-minute dataset.

Globally, the results obtained for each metric are in line with expectations and are similar
to those obtained in the 23] study. Both the RC and Qp values increase with sphere vol-
ume, as partial volume effects and spill-out phenomena are reduced for larger volumes.
BV initially decreases with VOI volume, stabilising at approximately 2% for Symbia and
between 4% and 4.5% for StarGuide in the larger spheres. Regarding SNR, the general
trend observed is an increase with volume up to the fourth sphere, followed by a stabili-

sation or decrease for the remaining spheres.

Except for the RC values obtained for the first five NEMA spheres, which were similar
between algorithms, Symbia Pro.specta generally outperformed StarGuide across all re-
maining metrics, as shown in figure 4.18. During the optimisation stage, greater emphasis
was placed on the RC values, and the optimisation process was halted once recovery co-
efficients comparable to those of Symbia had been achieved, particularly for the first five
spheres, with the aim of obtaining similar quantification performance (figure 4.20A). Con-

sequently, as a result of the study design, no further effort was made to optimise metrics
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other than SNR during the fine-tuning stage. Accordingly, only the g parameter was ex-
plored during the fine-tuning stage, and it is therefore reasonable to suggest that further
optimisation of additional reconstruction parameters could improve the performance of
the StarGuide system. Although the selected reconstruction settings were optimal with re-
spect to the protocol previously implemented at IPO Porto, they should not be interpreted
as representing the global optimum of the StarGuide system in terms of reconstruction
performance. Nevertheless, similarly to what was observed for the previous radionuclide,
the OSEM reconstructions performed better in terms of noise-related metrics, generally
presenting higher SNR values (peaking above 120 for Symbia, whereas the maximum
value achieved by StarGuide was approximately 100 for the same sphere) and lower BV
values.
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Figure 4.19: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained using the
optimal reconstruction settings and Symbia Pro.specta for 2" T¢ - 5-minute dataset.

In figure 4.19, the results obtained with the optimal StarGuide protocol for the 5-minute
acquisition are compared with those obtained using the OSEM reconstruction applied
to the 5-minute Symbia Pro.specta dataset. It is possible to see that the behaviour de-

scribed above is also observed for the noise-related metrics. In terms of RC and Qy,
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StarGuide presented higher values for the three smallest NEMA spheres, whereas Sym-
bia outperformed StarGuide for the largest spheres. Consequently, it can be seen that
increasing the acquisition time to 15 minutes improved recovery for Symbia, enhancing
the detectability of the three smallest spheres while, overall, reducing the performance
gap between the two systems. Regarding Qp, the same trend observed for the 15-minute
datais evident, with the systems performing similarly for the three smallest NEMA spheres

and Symbia outperforming StarGuide for the remaining spheres.

The RC data obtained with both *"Tc_R5 and *"Tc_Symbia (for the 15-minute datasets)
were fitted using equation 4.1, and the corresponding R? values were determined. Both
reconstructions showed a good fit to the chosen model, although the fit was slightly better

for the Symbia reconstruction (R?> = 0.994).

e RS ¥mTc_Symbia

‘ L

Figure 4.20: Axial views of the NEMA phantom reconstructed with the optimal Q.Clear
protocol (left) and with OSEM on the Symbia Pro.specta system (right) for " Tc.
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Figure 4.21: Recovery coefficient curves obtained by fitting the EANM model to the
StarGuide T _R5 data (A) and the Symbia Pro.specta data (B).

The same cross-section analysis done for 23] was repeated for this dataset (figure 4.22).
Similarly to what was observed for the previous radionuclide, the StarGuide profile is

broader than the OSEM one and both profiles present smooth transitions at the spheres
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borders, revealing activity spill-out effects, which lower RC values. The maximum peak
activity was achieved for the OSEM reconstruction and is closer to the ideal value, which
is consistent with the higher RC value for this sphere for this system. The FWHM results
are presented in table 4.2 and are consistent with a more gradual fall-out of the peak
activity concentration for Q.Clear, as this algorithm prioritizes smoother transitions due to

the regularisation penalty, reflecting in a broader profile.

—— 99MTc R5
99MTc_Symbia

—— Ideal_StarGuide

----- Ideal_Symbia
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Distance [mm]

Activity Concentration [MBg/ml]

Figure 4.22: Cross-sections through the largest sphere obtained using the optimal
reconstruction parameters for the StarGuide and Symbia Pro.specta systems for " Tc.

Protocol FWHM [mm]
9mTe_R5 28.18 +1.03
PIMTe_Symbia  24.9440.31

Table 4.2: FWHM values obtained for the %" T¢ profiles.

4.2.3 Acquisition Data Reframe

In figure 4.23, the results obtained for the considered metrics for the 5-minute acquisition
and the reframed dataset (generated by reframing the 15-minute acquisition dataset to
a 5-minute duration) are presented. From figure 4.23, it is apparent that, for the same
protocol, the reframed dataset generally performs better than the 5-minute acquisition in
terms of RC and Qg values. Regarding the noise-related metrics, while SNR exhibits a
variable behaviour for both protocols, BV increases for the reframed dataset, particularly
for the largest spheres. Although the origin of these differences was not investigated
further, the results indicate that reframing may be a suitable approach for approximating

shorter acquisitions for quantification studies.
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Figure 4.23: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained for the true
5-minute acquisition (solid lines) and for the reframed data (dashed lines).

4.2.4 By Sens Tool

The By Sens tool was activated for the 23] optimisation study and for the ®°"Tc_R4 to
PmTe R6 reconstruction protocols. As stated previously, the latter protocols were re-
peated with the By Sens tool deactivated to assess its impact on the image quality metrics.
When this tool is deactivated, the § parameter is constant, as the CT-derived sensitivity
map is no longer taken into account. Consequently, the regularisation penalty strenght is
equal throughout the image. In figure 4.25, the results obtained using the By Sens tool
(solid lines) are compared with those obtained using the same protocols (same colours)
with this option deactivated (dashed lines). Figure 4.24 presents the corresponding axial
views of the NEMA phantom reconstructions for each scenario. The top row corresponds
to the images reconstructed using the By Sens tool, whereas the bottom row corresponds

to those reconstructed without it.

Visually, the main difference between the reconstructions obtained with and without the
By Sens tool is observed in the phantom background, which becomes noticeably more
uniform and darker when the tool is deactivated, losing the grainy texture visible in the

top row of figure 4.24. Additionally, within each row, an increase in image blur can be
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9mTe R4 %mTc_R5 “mTc_R6
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vy aF &2

Figure 4.24: Axial views of the NEMA phantom reconstructed using the By Sens tool for
B =0.02,0.05,0.1 (top) and not using the By Sens tool for the same B values (bottom).

observed with increasing B, consistent with the stronger regularisation and smoothing
associated with higher  values. Regarding figures 4.25A and 4.25D, deactivating the By
Sens tool leads to a clearer differentiation between the tested  values, as evidenced by
the increased separation between the curves and the generally lower values obtained.

Nevertheless, the highest RC and Qp values are still observed for g = 0.02.

Contrary to what was previously observed, when the By Sens tool was deactivated, SNR
decreased with increasing 5 and BV was the highest for = 0.1. These findings contradict
the previous results, as it was expected that higher  values, associated with a stronger
regularisation and smoothing, would favour the noise-related metrics. To date, no studies
have been found reporting on the influence of the By Sens tool on image quality metrics.
The observed differences in behaviour suggest that, when the tool is enabled, its effect
may partially compensate for changes in the g parameter. Consequently, further investi-
gation would be required to assess the influence of 5 on image quality in the absence of

this tool, as the impact of regularisation appears to depend on whether By Sens is applied.
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Figure 4.25: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained for the
protocols using the By Sens tool (solid lines) and not using the By Sens tool (dashed
lines).

43. YLy

4.3.1 Optimisation of Q.Clear Reconstruction Parameters

The results obtained for the RC, BV, SNR and Qg values for the first four tested protocols
are presented in figure 4.26. Due to the strong overlap of data points, the results for each
metric were divided into two panels: the right panel shows the 5-minute acquisition data,
and the left panel shows the 15-minute acquisition data. The graphs for each metric share
the same y-axis to ensure comparability between acquisition times. For '”7Lu, as stated
in section 3.4.1.3 of chapter 3, two reconstruction settings are defined: one for the 113 keV
image and another for the 208 keV image. The results presented here correspond to the
voxel-wise average of the peak images, which, for simplicity, will be referred to as the

averaged image.

Regarding differences in acquisition time, the most noticeable change occurs in the BV
metric. The BV values determined for spheres with volumes < 2.6 ml decrease for all pro-
tocols when acquisition time is increased, reflecting a higher-count regime. Globally, SNR

values also increase with longer acquisition time, consistent with the lower background
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noise expected for longer acquisitions. Regarding the quantitative accuracy metrics, with
the exception of protocol 77 Lu_R4, the 5-minute acquisition generally performed better,
yielding higher recovery and contrast recovery values. However, since this trend is not
observed for all protocols, it cannot be attributed solely to acquisition time and is most
likely due to the combination between the complex StarGuide reconstruction parameters
and the acquisition time differences. Therefore, a more detailed analysis of the individ-
ual characteristics of each protocol would be required to further investigate the observed

behaviour.

In order to choose a protocol to fine-tune, the criterion used was once again the maximum
value of the RC. In this case, as it was possible to use different settings for each peak, two
protocols were further investigated. Protocol 7”Lu_R2 was selected due to achieving,
overall, the highest RC values for the 0.5*, 1.2, 2.6, and 5.6 ml spheres, and protocol
177Lu_ R4 for achieving the highest RC values for the 11.5 and 26.5 m! spheres, for the 15-
minute acquisition. The RC values obtained for the 113 keV and 208 keV images of each
protocol are presented in figure 4.27. The settings used for the 113 keV peak in protocol
177Lu_R?2 yielded RC values of approximately 0.1 for the 0.5 m! sphere and above 0.3 for
all other spheres, outperforming the corresponding settings used for the same energy
window in the other protocol. Simultaneously, for the two largest spheres, the settings

used by protocol 77 Lu_ R4 for the 208 keV energy window lead to the highest RC values.

Consequently, it was hypothesised that, by combining the settings of protocols 77 Lu_R2
and 77 Lu_ R4 for the reconstruction of the 113 keV and 208 keV images, respectively, im-
proved overall recovery could be achieved. This combined protocol (1’7 Lu_R5) was then
evaluated and compared across all metrics with the baseline protocols. The results are

presented in figure 4.28.

Overall, the combined protocol showed a strong improvement in recovery when compared
with both baseline protocols, with the smallest sphere achieving improvements of 16%
and 83% relative to protocols 77Lu_R2 and '7”Lu_R4, respectively, and improvements
of 30% and 4%, respectively, for the largest sphere. With the exception of the 1.2 ml
and 2.6 ml spheres, this protocol also presented the best Qg values. Acceptable BV
values, compared to the baseline protocols, were also achieved. However, a substantial
reduction in SNR was observed, with decreases of 43% and 60% for the smallest sphere

and of 9% and 63% for the largest NEMA sphere when compared with '77Lu_R2 and to

*Only surpassed by protocol 77Lu_R3.
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Figure 4.26: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C) and contrast recovery coefficients (D) obtained using the first
four reconstruction protocols tested on StarGuide between the 15-minute acquisition
(left panel) and the 5-minute acquisition (right panel) for 177 Lu.
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Figure 4.27: Recovery coefficients obtained for the 113 keV and 208 keV images
compared to the ones obtained for the averaged image for protocols '77Lu_R2 (A) and
77Lu_R4 (B).
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Figure 4.28: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained for protocols
771u_R2,77Lu_R4 and 7Lu_R5.
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77Lu_R4, respectively. Consequently, in the following optimisation stage, an attempt
was made to improve this parameter. Since protocol 77Lu_R2 presented the second-
lowest SNR, modifications to the combined protocol were applied to the 113 keV energy
window, resulting in protocols “Lu_Ré6 (B increased to 0.2), 77Lu_R7 (B increased to
0.3), 7Lu_RS (iterations reduced to 10) and '7”Lu_R9 (Clarity 3D used with a power of
0.01) (table 3.8).

The results for these protocols, compared to the original combined protocol for the aver-

aged image, are presented in figure 4.29.

As expected, based on the observations previously discussed, increasing B from 0.08 to
0.2 and subsequently to 0.3 in the 113 keV energy window led to a progressive decrease in
the RC, Qy, and BV* values, while the SNR increased accordingly. Similarly, reducing the
number of iterations from 20 to 10 resulted in lower BV and higher SNR values. This is in
line with the behaviour of iterative reconstruction algorithms, for which image background
noise generally increases as the number of iterations rises. Although the penalty term in
PL algorithms is intended to mitigate this effect, the regularisation strength used in the
original reconstruction for this energy window was relatively low (8 = 0.08), which may
explain the observed sensitivity to the number of iterations. Furthermore, the use of the
Clarity 3D edge-preservation filter had only a minor impact on the quantitative accuracy
metrics, while providing an increase in SNR. For all evaluated protocols, BV remained

within a relatively narrow range of approximately 5% to 7.5% for spheres larger than 2.6 ml.

For protocols 7Lu_R6, Y/ Lu_RS8, and ”Lu_R9, a pronounced increase in SNR was
observed for the 1.2 ml sphere, similar to that previously observed for the StarGuide pro-
tocols for 23] (figure 4.8C). The similarity in the shape of the SNR curves raises the
possibility that this behaviour may be associated with the behaviour of the reconstruction
algorithm itself for objects of this size, rather than representing an isolated occurrence

arising from the inherent statistical fluctuations of SPECT imaging.

Protocol ”7Lu_R6 was selected for further comparative analysis with the OSEM recon-
struction, as the increase in SNR was considered to compensate for the reduction in
the RC values. Given the previously observed behaviour in 23] and %" Tc images, it

was expected that OSEM would perform better in noise-related metrics. Consequently,

*For spheres with volumes < 26.5 ml, with BV stabilizing around the same value for all protocols for larger
VOI volumes.
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a protocol that could potentially rival this advantage while maintaining acceptable quan-
titative accuracy was chosen. Nevertheless, protocol 177Lu_R9 also yielded an increase
in SNR, albeit smaller, while largely preserving quantitative accuracy metrics. Therefore,
the choice of optimal protocol should consider the specific application context and the

relative importance assigned to each metric.
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Figure 4.29: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained for protocols
77Lu_R5,Y’Lu_R6,7Lu_R7,7Lu_R8 and 77 Lu_RO.

4.3.2 Quantitative Performance - StarGuide and Symbia Pro.specta

In figure 4.32, the RC, BV, SNR and Qy values are compared between the optimal recon-
struction protocol chosen for StarGuide and the Symbia OSEM reconstruction*. Both the
RC and Qg values increase with sphere volume, in line with what was observed for both
systems for " Tc and, more generally, for 122]. The BV decreases sharply with volume

up to 26.5 ml, stabilising at approximately 4% for Symbia and 6% for StarGuide.

The optimal StarGuide protocol outperformed Symbia in terms of RC for all NEMA spheres
except the largest (26.5ml). Regarding the detectability of the smallest sphere, while it

*As the optimised reconstruction protocol was only applied to the 15-minute 177 Li_StarGuide_3 dataset,
the 5-minute Symbia acquisition was not used for comparison purposes in this analysis.
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is visually significantly blended into the background for both images (figure 4.30), the
Q.Clear protocol increased the RC value from 0.07 (OSEM) to 0.11, corresponding to an
increase of 57%. The StarGuide protocol also presented higher Qg for the first four NEMA
spheres, ensuring a contrast recovery above 10% for the smallest sphere, representing
an increase of 94% compared to the conventional system. In general, and consistent
with what was observed for the other radionuclides, Symbia outperformed StarGuide in
the noise-related metrics, achieving a maximum SNR of almost 140, compared with just
above 20 for the largest sphere in StarGuide, and achieving the lowest BV values. This
is consistent with figure 4.30, where clear differences in texture are observed between
the Q.Clear reconstruction - noisier and grainier - and the OSEM reconstruction - more

uniform - in the phantom’s background.

In figure 4.31, the images obtained for the 113 keV and 208 keV peaks for the optimal
protocol settings are presented. While the background of the 113 keV window appears
noisier, the two smallest spheres are not visible in the 208 keV peak image. Combining
these images into an averaged image mitigated these limitations, resulting in a smoother

background and improved visibility of the smaller spheres (figure 4.30).

77Lu_R6 -
- 77 y_Symbia

® e " »
.9 ...

Figure 4.30: Axial views of the NEMA phantom reconstructed with the optimal Q.Clear
protocol (left) and with OSEM on the Symbia Pro.specta system (right) for 177 Lu.

Both datasets were fitted to the EANM model and were accurately described by it, follow-
ing the expected trend, as confirmed by the R? values: 0.983 for StarGuide and 0.984 for
Symbia (figure 4.33).

The cross-section of the largest sphere was also analysed (4.34), with the FWHM values

being presented in table. The profile obtained for StarGuide is consistent in shape and
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77 y_R6_113

177 ;_R6_208

Figure 4.31: Axial views of the NEMA phantom reconstructions using the optimal
reconstruction settings for the 113 keV energy window (left) and for the 208 keV' energy

window (right).
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Figure 4.32: Comparison of the recovery coefficients (A), background variability (B),
signal-to-noise ratio (C), and contrast recovery coefficients (D) obtained using the

optimal reconstruction settings and Symbia Pro.specta for 177 Lu.
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behaviour with those reported by Danieli et al. when performing the same analysis with

Q.Clear and RDP regularisation [23]. Once again, StarGuide produced broader profiles,

whereas the OSEM reconstruction exhibited a steeper decay from peak concentration at

the centre of the sphere toward the edges.

Considering figures 4.12 and 4.22, the differences between Q.Clear and OSEM are con-

sistent across radionuclides. StarGuide profiles are systematically broader and show a

more gradual reduction in activity concentration from the centre toward the sphere bound-

aries. In both cases, activity spill-out is observed, as the profiles decrease smoothly

across the sphere boundaries.
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Figure 4.33: Recovery coefficient curves obtained by fitting the EANM model to the
StarGuide 7 Lu_Ré6 data (A) and the Symbia Pro.specta data (B) for 177 Lu.
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Protocol FWHM [mm]
77Lu_R6 29.11 +£1.19
YV7Lu_Symbia 27.84 +0.21

Table 4.3: FWHM values obtained for the 177 Lu profiles.

4.4. Overview of Q.Clear’s Performance

The Q.Clear reconstruction algorithm is a complex reconstruction platform, mainly due to
the variety of available settings and their interdependence. From the analysis conducted
using the 23] datasets, it was possible to define expectations regarding the behaviour
of the image metrics when varying the regularisation parameters, g and . While o had
little impact on the analysed metrics, the penalty strength parameter consistently affected
the image quality metrics across radionuclides. As a result, even though a radionuclide-
specific optimisation was performed, the results indicate that the influence of g on image
quality metrics is largely preserved across radionuclides, despite their inherently different

emission characteristics.

It was observed that increasing p consistently led to lower RC and Qg values for all ra-
dionuclides. This behaviour has also been reported in the literature in similar optimisation
studies - although in the PET domain, as the application of Q.Clear in SPECT is rela-
tively recent [79, 80] - and is consistent with the expected behaviour of penalised like-
lihood reconstruction. Increasing § also led to reduced BV in smaller spheres and, in
general, to higher SNR values. However, an inversion of this trend was observed when
the By Sens tool was deactivated, highlighting the need for further investigation of the full
Q.Clear parameter space, as additional reconstruction settings can significantly influence

the evaluated metrics.

As the main motivation of the optimisation study was to improve RC values, which are
essential for applications in personalised dosimetry and theranostics, in order to achieve
similar values to those obtained on the Symbia Pro.specta system, the selected opti-
mal protocols were those that achieved comparable (°*"*Tc) or substantially improved RC
values when compared with the conventional system (%31 and '77Lu). This approach
favoured high recovery, potentially at the expense of the noise control performance. There-
fore, several unexplored parameter combinations could further optimise Q.Clear and, con-

sequently, the StarGuide system.

In particular, although good results were obtained in terms of quantification accuracy,
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there is still room for improvement in noise control. Even basic parameters such as itera-
tions and subsets should be investigated jointly with the regularisation parameters to fully

exploit the capabilities of penalised likelihood algorithms such as BSREM.

This study focused primarily on regularisation parameters, as they represent a relatively
novel aspect in the SPECT domain, and it contributed to improving the reconstruction pro-
tocols currently used at IPO Porto, particularly in terms of quantification accuracy. Future
studies should include validation on patient datasets, further optimising these parameters
with respect to lesion detectability and clinical interpretation. The visual comparison of
the NEMA phantom images also indicates that Q.Clear produces a different background
texture compared with OSEM, particularly in uniform regions. As OSEM remains the most
established reconstruction workflow, the adoption of Q.Clear will require adaptation from
nuclear medicine physicians, and their input should be incorporated into future optimisa-

tion studies.

Overall, there are still several nuances in the Q.Clear algorithm, as multiple reconstruc-
tion settings can be adjusted and interact with each other. Therefore, using IPO Porto or
literature-reported protocols as a starting point does not account for all parameter inter-

actions that may influence image quality metrics.
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5. Conclusion

This study investigated the influence of Q.Clear reconstruction parameters on the quanti-
tative performance of 1231, " Tc, and 177 Lu images. Specifically, it aimed to characterise
the impact of the regularisation parameters on image quality and quantification metrics
(RC, BV, SNR, and Qpg), and to determine reconstruction settings that achieve an optimal

balance between quantification accuracy and image noise for each radionuclide.

The initial phase of this study focused on the optimisation of 8 and -y combinations for 23]
images of the NEMA phantom, with image quality being assessed using the RC, BV, SNR,
and Qy metrics. It was found that g = 0.05—0.1 and y = 0.5—1 combinations offered the
most favourable trade-off between quantification accuracy, contrast recovery, and image
noise. Furthermore, the analysis revealed that increasing p generally resulted in lower
RC, Qg and BV values, and higher SNR values. In contrast, variations in v had only a

limited influence on the evaluated metrics within the investigated range.

A MIM workflow for quantitative NEMA phantom analysis was successfully developed.
This workflow enabled the systematic analysis of NEMA phantom images, which proved
essential for the optimisation procedures, while simultaneously establishing a quantitative
workflow that may be implemented in the future at IPO Porto, thereby reducing workload.
However, the position of the VOIs used to determine the calibration factor was shown
to influence the obtained value, indicating that further work is required to improve the
methodology and better approximate the results obtained with the Jaszczak phantom.
Overall, averaging six different VOI placements, the calibration factor obtained using the
NEMA method presented a relative difference of 4.7% compared with the value obtained

using the same number of VOIs evenly distributed throughout the Jaszczak phantom.

In the second phase of this study, Q.Clear reconstruction parameters were optimised for
PmTc and 77 Lu NEMA phantom images. For ®"'Tc, it was possible to improve SNR and
BV while largely maintaining the RC and Qg values of the protocol used at IPO Porto.
For 177 Lu, an optimal protocol was identified that achieved greater recovery than both the
protocol previously used at IPO Porto and literature-reported settings. Overall, the opti-
misation procedure was successful for both radionuclides, yielding the most favourable
balance between quantification accuracy, contrast recovery, and image noise among all

evaluated settings.
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The optimal protocols were subsequently compared with OSEM reconstructions obtained
on the Symbia Pro.specta system. For the 15-minute acquisition datasets, Q.Clear achieved
similar performance for "' Tc and superior performance for 23] and 77 Lu in terms of RC.
Improvements were also observed, particularly for smaller spheres, in Qy for 121 and
77Lu. Nevertheless, OSEM reconstructions consistently outperformed those of the Star-
Guide system in noise-related metrics. This behaviour may be partially explained by the
emphasis placed on maximising RC during the optimisation process, potentially at the ex-
pense of noise performance. Furthermore, given the complexity of Q.Clear and the large
number of adjustable parameters, it is reasonable to assume that additional parameter
combinations remain unexplored and may further reduce the performance gap between

both reconstruction approaches.

Future research should therefore focus on exploring the remaining Q.Clear settings, deep-
ening the understanding of the influence of tools such as By Sens and parameters such
as 7, the number of iterations, and the number of subsets, the latter two of which were not
investigated in this work. Nevertheless, the present study successfully characterised the
influence of B on image quality and quantification metrics, providing a foundation for fu-
ture optimisation studies. Moreover, as this work was limited to NEMA phantom datasets,
future investigations should extend the analysis to patient studies to evaluate the clinical

impact of the optimised reconstruction protocols.

In conclusion, this dissertation provided a comprehensive investigation of Q.Clear recon-
struction settings for quantitative SPECT imaging. The results demonstrated that careful
optimisation of reconstruction parameters can improve the quantitative performance of the
StarGuide system and, in several cases, outperform the reconstruction settings currently
employed at IPO Porto. Although the complexity of Q.Clear means that additional optimi-
sation opportunities remain unexplored, this work contributes to a deeper understanding
of the behaviour of the algorithm in the SPECT domain and establishes a framework for
future optimisation studies. Ultimately, the findings presented herein contribute to the
ongoing development of quantitative SPECT imaging and support future theranostic and

personalised dosimetry applications using the StarGuide system.
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